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This  report  presents  part  of  a  continuing  program  to  derive  more 
accurate  and  uniform  gear  design  formulas  for  aircraft  propulsion 
systems  than  are  currently  available.  Included  are  the  results 
of  an  analytical  and  experimental  program  conducted  to  derive 
Improved  formulas  for  predicting  the  strength  of  bevel  gears  and 
to  furnish  a  usable  computer  program  that  would  anable  a  gear 
deaigner  to  effectively  dealgn  high-capacity  gear  gets. 

This  command  concurs  in  the  conclusions  made  by  the  contractor. 


This  document  is  subject  to  special  export  controls,  and  each 
transmittal  to  foreign  governments  or  foreign  nationals  may¬ 
be  made  only  with  prior  approval  of  U.  S.  Army  Aviation 
Materiel  Laboratories,  Fort  Eustis,  Virginia  23604, 


SUMMARY 


The  purpose  o i  t’niB  project  wan  Lo  review  cvii.ati.rig  formulae  for  the 
atrength  of  bevel  gear  teeth,  to  select  the  method  that  is  currently 
considered  to  be  the  best,  to  determine  what  factors  in  this  method 
need  further  study  and  development,  to  outline  a  program  for  improv¬ 
ing  the  method,  L.nd  to  carry  out  a  program  of  theoretical  and  experi¬ 
mental  investigation  to  develop  this  improved  method. 

Four  methods  for  analyzing  gear  strength  were  reviewed.  One  of  these 
was  selected  as  the  most  reliable  starting  point  for  the  project,  and 
six  factors  were  selected  for  further  analysis. 

Basic  test  gear  geometry  was  chosen  to  be  consistent  with  current-day 
practice  and  to  permit  fatigue  testing  on  the  three  major  pieces  of 
available  equipment. 

Four  types  of  tests  were  selected  that  would  provide  sufficient  informa¬ 
tion  concerning  the  fatigue  properties  of  gearB. 

The  conclusions  of  this  report  are  summarized  as  follows: 

1.  A  new,  improved  method  for  the  stress  determination  of  bevel 
gears  was  found. 

2.  The  basic  material  strength  curve  fo*  carburized  AMS- 626 5 
was  established. 

3.  A  design  S-N  curve  for*  AMS-6265  was  established. 

4.  An  improved  formula  for  effective  face  width  was  developed, 

5.  The  correction  factor  for  locating  the  position  of  the  point 
of  load  application  has  been  modified. 

6.  An  improved  formula  for  the  load  distribution  factor  was 
derived. 

7.  A  new  formula  for  size  factor  au  been  introduced  in  the 
equation  for  working  stress. 

8.  Lengthwise  tooth  curvature  was  found  to  have  the  most 
significant  effect  on  gear  tooth  strength  and  is  recognized 
for  the  first  time  in  a  gear  tooth  strength  formula. 


9.  A  computer  prog  am  has  been  provided  for  the  gear  designer. 

A  significant  improvement  in  the  formulas  for  the  strength  of  bevel  gear 
teeth  has  been  achieved,  which  will  materially  aid  in  the  design  of  future 
bevel  gear  drives. 
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INTRODUCTION 


The  purpose  of  this  project  wa c  to  review  existing  formulas  for  the 
strength  of  bevel  gear  teeth,  to  select  the  method  that  is  currently  con¬ 
sidered  to  be  the  best,  to  determine  what  factors  in  this  method  need 
further  study  and  development,  to  outline  a  program  for  improving  the 
method,  and  to  carry  out  a  program  of  theoretical  and  experimental 
investigation  to  develop  this  improved  method, 

A  review  of  past  and  present  methods  was  undertaken  with  the  object  of 
selecting  the  best  method  for  further  study.  This  method  was  analyzed 
for  possible  areas  of  improvement.  From  this  analysis  it  was  apparent 
that  the  complexity  of  bevel  gear  geometry  made  the  complete  solution 
to  the  problem  a  formidable  task.  Therefore,  ii  was  decided  to  select 
certain  specific  areas  where  immediate  Improvement  of  the  formulas 
would  result  in  substantial  benefit  to  the  gear  designer. 

The  basic  procedure  for  developing  new  formulas  consisted  of  the  follow¬ 
ing  steps: 

1.  Derivation  of  new  theoretical  formulas  to  reflect  the  observed 
behavior  of  the  gears  under  load  and  to  provide  stresses  that 
correlate  with  the  strength  of  the  material. 

2.  Design  of  a  test  program  and  test  gears  that  would  evaluate 
the  effects  of  changes  in  the  gear  design  parameters. 

3.  A  carefully  controlled  manufacturing  and  testing  program  to 
provide  reliable  data. 

4.  Use  of  previously  generated  test  data  for  the  solution  of 
problems  related  to  stress  distribution  in  the  gear  tooth  roots. 

5.  An  analysis  and  evaluation  of  the  test  results  using  the  new 
theoretical  formulas. 

6.  A  final  review  of  the  formulas  to  assure  correlation  with  the 
gear  test  data. 

7.  Writing  of  a  computer  program  incorporating  the  newly 
developed  formulas  for  use  on  the  IBM  7090/7094  Computer. 
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8.  Testing  of  the  computer  program  on  a  aeries  of  gear  designs 

inrlnHino  spiral  K*» \ro, l  7«i'ni®i  bevel,  end  strct^ht  bevel _ - _ 

to  assure  the  usefulness  of  the  program  and  formulas, 

9.  Evaluation  of  vacuum-melt  9310  steel  (AMS-6265)  to  determine 
the  endurance  limit  for  bevel  gear  design. 


Registered  trademark  of  the  Gleason  Works 
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PRELIMINARY  ANALYSIS 


HISTORICAL  BACKGROUND 


The  first  serious  attempt  to  compute  the  strength  of  a  gear  tooth  was 
the  work  performed  by  Wilfred  Lewis,  Reference  1,  in  1892.  Lewis 
treated  the  gear  tooth  as  a  cantilever  beam  and  attempted  to  solve  for 
the  bending  stress  in  the  root  of  the  tooth.  The  use  of  the  Inscribed 
parabola  for  locating  the  weakest  section  of  the  tooth,  which  was  intro¬ 
duced  by  Lewis,  is  still  the  basis  for  present-day  formulas  for  gear 
tooth  strength.  The  basic  flexure  formula  derived  by  Lewis  is  still 
in  use. 

In  1922,  McMullen  and  Durkan,  Reference  2,  proposed  a  significant 
change  in  the  Lewis  formula:  To  consider  the  load  applied  at  the  highest 
point  of  single  tooth  contact  rather  than  at  the  tip  of  the  tooth.  This  was 
first  applied  to  bevel  gear  teeth  and  eventually  was  adopted  for  analyz¬ 
ing  spur  gear  teeth. 

Carl  C.  Barth  introduced  the  first  factor  for  the  consideration  of  the 
dynamic  effects  of  tooth  load  on  an  elastic  system.  Through  his  in¬ 
fluence,  an  ASME  Special  Research  Committee  on  Strength  of  Gear 
Teeth  was  established  under  the  leadership  of  Wilfred  Lewis.  Much 
of  the  actual  work  was  carried  out  under  the  direction  of  Professor 
Earle  Buckingham,  Reference  3. 

General  Motors  Research  Laboratories,  under  the  direction  of  John  O. 
Almen,  conducted  extensive  fatigue  tests  on  automotive  spiral  bevel 
gears  and  later  on  transmission  gears,  which  resulted  in  the  first  use 
of  S-N  diagrams  for  gear  design,  References  4  and  5. 

In  1941,  Candee,  Reference  6,  Introduced  at  an  AGMA  meeting  a  geo¬ 
metrical  method  for  arriving  at  the  tooth  form  factor  to  replace  the 
graphical  method  that  had  been  in  common  use  up  to  that  time.  At  the 
same  meeting,  Messrs.  Dolan  and  Broghamer,  Reference  7,  presented 
a  concise  review  of  their  photoelastic  studies  of  gear  tooth  models. 
Their  work  resulted  in  a  combined  stress  concentration  and  stress 
correction  term,  which  compensated  for  the  inaccuracies  in  the  in¬ 
scribed  parabola  as  a  means  for  locating  the  weakest  section  of  the 
tooth,  corrected  the  stress  values  in  the  root  fillet,  and  considered 
the  radial  component  of  the  normal  tooth  load.  This  factor  is  widely 
used  in  current  gear  strength  formulas. 


The  first  attempt  at  a  unique  formula  for  the  strength  of  bevel  gear  teeth 
was  the  work  of  Coleman,  Reference  8.  Previously,  formulas  for  the 
strength  ox  oevel  gears  were  adaptations  of  spur  gear  formulas.  In  the 
method  presented  by  Coleman,  an  attempt  was  made  to  analyze  the  load 
sharing  between  teeth,  to  determine  the  most  damaging  position  of  the 
load  on  the  tooth,  to  consider  the  load  distribution  along  the  line  of 
Instantaneous  contact  and  its  effect  on  the  root  stress  by  means  of  the 
concept  of  effective  face  width,  to  incorporate  a  change  in  allowable 
stress  with  a  change  in  gear  tooth  size,  and  to  introduce  a  factor  for 
the  effect  of  temperature  on  gear  tooth  strength.  Many  of  these  factors 
were  Introduced  for  the  first  time  in  a  gear  tooth  strength  formula. 

Wellauer  and  Selreg,  Reference  9,  have  Investigated  the  effects  of  load 
distribution  and  effective  face  width  on  helical  gear  teeth  using  the 
cantilever -plate  theory.  Their  work  has  led  to  the  latest  bending 
strength  formulas  for  helical  gears,  Reference  10.  Kelley  and 
Pedersen,  Reference  11,  have  extended  the  investigation  of  root  fillet 
stresses  by  photoelastic  means. 

A  significant  advance  in  the  analysis  of  bevel  gear  tooth  strength  was 
made  by  Baxter,  References  12  and  13,  In  his  study  and  mathematical 
analysis  of  tooth  contact  conditions  between  mating  gear  teeth  and  the 
effects  of  misalignment  on  the  same.  This  work  is  the  hauls  of  the 
present  analysis  of  load  distribution  factor. 

Work  recently  performed  by  Hoogenboom,  Reference  14,  under  the 
direction  of  the  contractor  in  an  effort  to  extend  the  work  of  Wellauer 
and  Selreg,  Reference  9,  has  added  much  new  knowledge  to  the  concept 
of  effective  face  width  and  load  distribution.  This  work  also  was  used 
In  the  present  study. 

Other  workers  too  numerous  to  name  have  contributed  to  the  overall 
knowledge  of  gear  tooth  strength. 

COMPARISON  OF  BEVEL  GEAR  STRENGTH  STAN PARIS 

In  addition  to  the  AGMA  strength  standards  for  bevel  gear  teeth, 
References  15  and  16,  three  other  methods  were  reviewed  by  the 
contractor  prior  to  the  Initiation  of,  or  during,  the  present  contract. 
These  were  the  following: 
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1.  German  Standard,  DIN3990,  Reference  17. 

2.  Kelley-Pedersen  Method,  Reference  11. 

3.  British  Standard,  BS545,  Reference  18, 

German  Standard 

Thia  method  ia  baaed  on  an  adaptation  of  the  spur  and  helical  gear  tooth 
formulas.  A  detailed  comparison  of  the  AGMA  standards  and  the  German 
standard  was  made  by  the  contractor  and  is  included  in  Appendix  VII. 
From  the  conclusions  it  can  be  seen  that  thia  method  lacks  many  of  the 
features  contained  in  the  AGMA  standards. 

Kelley- Pedersen  Method 

In  1961,  the  contractor  attempted  to  incorporate  the  Kelley- Pedersen 
formulas  into  the  AGMA  method  for  bevel  gear  tooth  strength.  The 
stresses  resulting  from  the  combined  method  were  found  to  be  essen¬ 
tially  the  same  as  those  from  the  AGMA  standards  except  for  a 
generally  higher  stress  level  (approximately  20  percont  higher).  Since 
no  reduction  in  the  scatter  of  the  plotted  results  over  that  of  the  exist¬ 
ing  method  was  found,  this  combined  method  was  not  adopted. 

British  Standard 

This  method  is  based  on  an  adaptation  of  the  British  formulas  for  spur 
and  helical  gear  teeth  to  bevel  gears.  The  method  is  based  on  the 
original  Lewis  method  with  various  modifications.  However,  it  has  not 
been  updated  over  the  years  and  lacks  many  of  the  features  Included  in 
the  latest  AGMA  bevel  gear  strength  standards.  Therefore,  only  a 
cursory  analysis  was  made. 

Summary  of  Existing  Standards 

Upon  completion  of  the  review  of  the  various  strength  standards  in 
current  use,  it  is  concluded  that  the  AGMA  bevel  gear  strength 
standards  should  furnish  the  most  reliable  starting  point  for  improving 
the  formulas.  Accordingly,  for  the  work  conducted  under  the  present 
contract,  the  following  factors  were  selected  for  further  analysis: 

1.  Improved  formulas  for  effective  face  width,  which  were  to  be 
based  on  experimental  data. 


2.  Correction  of  the  formula  for  point  of  load  application  to  improve 
the  strength  balance  between  gear  and  mating  pinion 

3.  Improved  formulas  for  load  distribution  factor,  which  would 
incorporate  the  effects  of  lengthwise  tooth  curvature  and  mount¬ 
ing  deflections  on  the  load  distribution  on  the  tooth. 

4.  Transferral  of  the  size  factor  from  the  equation  for  calculated 
stress  to  the  equation  for  working  stress  in  order  tc  calculate 
true  stress  values  more  accurately. 

5.  Determination  of  the  S-N  diagram  and  endurance  limit  stress 
for  AMS-6265  steel. 

6.  Establishment  of  a  base  line  on  a  bevel  gear  pulser. 


TOOTH  DESIGN 


TEST  GEAR  DESIGN 


Selection  of  Gear  Parameters 


The  basic  gear  geometry  was  chosen  with  two  factors  in  mind.  First, 
the  size  and  ratio  should  be  consistent  with  current-day  practice  in  high¬ 
speed  power  drive  line  applications  such  as  helicopters.  Second,  the 
gear  must  be  of  a  size  to  permit  fatigue  testing  on  available  equipment 
so  that  the  program  cost  could  be  minimized. 

The  gear  parameters  are  shown  on  the  dimension  sheets  in  Figures  1 
and  2.  The  dimension  sheets  were  produced  on  a  computer  using  the 
contractor's  Program  No.  A101.  This  program  is  based  upon  American 
Gear  Manufacturers  Association  formulas,  References  16,  19,  and  20. 

Additional  data  on  the  output  format  are  in  agreement  with  present 
industry-wide  standards.  The  above  program  is  in  regular  use  in  the 
contractor's  engineering  department  to  produce  data  for  bevel  gear  users 
all  over  the  Free  World  and  is  also  in  use  at  many  companies  where 
bevel  gears  are  used.  Therefore,  the  basic  gear  tooth  geometry  is  con¬ 
sistent  with  current-day  practice,  and  no  special  formulas  have  been 
introduced  that  could  alter  the  results,  except  as  noted  later. 

The  following  items  of  input  to  the  computer  program  were  chosen  for 
the  test  gears: 

Gear  Size 


The  gear  size  was  selected  to  be  within  the  capacity  limitation  of 
the  Gleason  No.  510  Axle  Test  Machine  and  the  available  test  boxes. 
It  was  also  selected  to  be  within  the  range  of  helicopter  power  drive 
•  gears.  Therefore,  a  gear  diameter  of  12.  5  inches  was  chosen. 

Ratio  and  Tooth  Numbers 


The  gear  ratio  and  tooth  numbers  were  chosen  to  make  the  test 
meaningful  to  the  helicopter  Industry.  A  three -to -one  speed- 
reducing  ratio  was  selected  since  this  corresponds  to  a  typical 
VTOL  power  transmission  application.  The  numbers  of  teeth  in 
gear  and  pinion  were  based  upon  data  given  in  Reference  21.  The 
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Figure  1.  Spiral  Bevel  Gear  Dlmenalon  Sheet  for  the 
17/51  Combination,  Teet  Geare  Produced 
With  12-Inch  Cutter  Diameter. 
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Figure  2.  Spiral  Bevel  Gear  Dimenelon  Sheet  for  the 
17/51  Combination,  Test  Gears  Produced 
With  7-1/2-Inch  Cutter  Diameter. 
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graph  given  in  this  reference  indicates  that  a  15-tooth  pinion  is 
recommended  for  f  eneral  work;  however,  for  high-speed 
■  ppHcstior:,  mere  teeth  are  Usually  «_uosen  to  reduce  a  scoring 
tendency  and  to  decrease  noise.  Thus  a  17 -tooth  pinion  was 
selected  for  this  design.  The  resulting  number  of  teeth  in  the 
gear  was  51.  The  combination  of  17/51  agrees  with  current 
aircraft  practice. 

Face  Width 

The  face  width  is  generally  chosen  to  be  30  percent  of  the  outer 
cone  distance  or  less.  In  this  case,  It  was  reduced  to  22  percent 
to  cause  breakage  to  occur  on  the  available  test  equipment.  This 
reduction  In  face  width  will  not  affect  the  results  of  this  analysis. 

A  face  width  of  1.  5  inches  was  selected. 

Pressure  Angle 

A  pressure  angle  of  20*  was  selected,  which  Is  In  accordance  with 
recommended  design  for  a  power  gear  application,  Reference  21, 

Spiral  Angle 

The  spiral  angle  was  choeen  to  give  a  face  contact  ratio  sufficient 
for  smooth -running  gears.  Generally,  a  contact  ratio  between  1.  5 
and  2.0  is  adequate.  For  quieter,  smoother  running  gears,  a 
contact  ratio  closer  to  2.  0  is  more  desirable,  but  for  thie  test 
program  a  low  jr  value  was  selected  to  permit  tooth  failure  within 
the  capacity  of  the  test  equipment.  For  the  test  gears,  a  spiral 
angle  of  35*  was  selected,  which  resulted  In  a  face  contact  ratio 
of  1.  548.  See  Reference  21. 

Hand  of  Spiral 

The  hand  of  spiral  was  selected  to  yield  an  outward  thrust  on  both 
members.  This  was  accomplished  by  consideration  of  the  driving 
member  and  the  direction  of  rotation.  This  resulted  in  the  selection 
of  a  left-hand  pinion  and  a  right-hand  gear. 

Cutter  Diameter 


The  cutter  diameter  for  spiral  bevel  gears,  which  determines  the 
lengthwise  tooth  curvature,  is  usually  chosen  approximately  equal 
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to,  or  slightly  smaller  than,  twice  the  outer  cone  distance.  The 
outer  cone  diotar.ee  of  the  tcoi.  gears  ie  6.  oati  inches.  Twice  this 
value  is  13.  176  inches.  Cutters  are  made  with  standard  diameters, 
and  those  in  the  range  of  this  gear  set  arc  of  9-inch,  12-Lnch,  and 
16 -inch  diameters.  A  12 -inch  cutter  diameter  was  selected  for 
these  gears  in  accordance  with  the  generally  accepted  standard 
since  it  was  the  next  smaller  diameter  than  twice  the  outer  cone 
distance. 

On  the  other  hand,  the  use  of  this  cutter  diameter  results  in  a  tooth 
contact  that  tends  to  shift  toward  the  heel  as  load  is  applied.  The 
amount  of  shift  is  a  function  of  the  cutter  diameter,  the  applied 
load,  and  the  deflection  characteristics  of  the  gear  mountings.  The 
above  rule  for  selection  of  the  cutter  diameter  yields  a  reasonable 
balance  between  cost  and  performance  and  has  been  the  accepted 
method  of  selection  by  the  gear  industry. 

For  comparative  purposes,  a  second,  smaller  cutter  diameter  was 
also  selected.  It  has  been  observed  that  when  the  cutter  diameter 
approaches  the  product  of  the  mean  cone  distance  times  twice  the 
sine  of  the  mean  spiral  angle,  the  tooth  contact  tends  to  resist  a 
movement  to  the  heel  of  the  tooth  as  load  is  applied.  As  a  result, 
the  contact  pattern  can  be  lengthened  and  more  tooth  area  can  be 
used  under  light  and  intermediate  loads.  For  the  test  gears,  a 
second  cutter  diameter  as  determined  by  the  above  formula  was 

Dc  =  2(5.  838)(0.  57358)  =  6.  697 

A  cutter  d’ameter  that  is  slightly  larger  than  the  calculated  value 
was  chosen.  Some  earlier  observations  Indicated  that  if  the  cutter 
diameter  becomes  too  small,  the  contact  pattern  tends  to  move 
toward  the  small  end  of  the  tooth,  which  is  undesirable,  To  avoid 
such  a  condition,  a  7-1 /2-inch  cutter  diameter  was  selected. 

Tooth  Proportions 

The  tooth  proportions  for  the  12 -inch  cutter  diameter  design  are  in 
accordance  with  Reference  19  and  are  the  generally  accepted 
standard  for  the  given  diametral  pitch  and  combination.  Long  and 
short  addendums  are  specified,  since  they  eliminate  undercut  and 
yield  the  best  balance  among  strength,  pitting  resistance,  scoring 
resistance,  and  contact  ratio.  The  tooth  thickness  of  pinion  and 
mating  gear  has  been  adjusted  by  the  AGMA  method  of  stress 
analysis  to  obtain  approximately  equal  bending  stress  on  both 
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members. 


The  tuui.li  jiiupuriiuna  £or  the  7-i/2-inch  cutter  diameter  design 
were  modified  to  obtain  the  optimum  pinion  point  width  taper. 

Point  width  taper  (frequently  called  slot  width  taper)  refers  to  the 
change  in  the  maximum  limit  point  width  (slot  width)  of  a  V-Bhaped 
cutting  tool  of  nominal  pressure  angle  whose  sides  are  tangent  to 
the  two  sides  of  a  tooth  space  and  whose  tip  is  tangent  to  the  root 
line  along  the  tooth  length.  The  tooth  proportions  were  modified 
by  altering  the  depthwise  taper  until  the  outer  and  inner  slot  widths 
of  the  pinion  member  were  nearly  equal.  Depthwise  taper  refers 
to  the  change  in  tooth  depth  along  the  tooth  length  measured  perpen¬ 
dicular  to  the  pitch  surface.  This  change  affects  the  face  angles 
and  root  angles  of  both  the  pinion  and  the  mating  gear  and  is 
referred  to  as  "tilting  the  root  lines".  The  tooch  depth,  addendum, 
and  dedendum  of  both  members  remain  the  same  at  the  middle  of 
the  face  width  but  are  smaller  at  the  outer  cone  distance  and  larger 
at  the  inner  cone  distance  when  compared  to  a  tooth  with  standard 
depthwise  taper.  The  latter  refers  to  a  tooth  in  which  the  depth  of 
the  tooth  in  any  section  is  proportional  to  the  distance  of  the  section 
from  the  pitch  cone  apex. 

Fillet  Radius 

In  the  roots  of  the  gear  teeth,  the  fillet  radius  should  be  as  large  as 
possible.  Therefore,  the  cutter  edge  radiuB  was  chosen  by  the 
computer  program  to  meet  the  following  three  criteria:  (1)  the 
maximum  radius  that  can  physically  be  manufactured  on  the  cutter 
blades,  (2)  the  maximum  radius  that  can  be  cut  into  the  tooth  before 
the  clearance  side  of  the  cutter  blade  mutilates  the  fillet  on  the 
opposite  side  of  the  tooth  space,  and  (3)  the  maximum  radius  that 
can  be  used  before  an  Interference  occurs  between  the  root  fillet 
of  one  member  and  the  tooth  tip  of  the  mating  member.  The  final 
cutter  edge  radius  is  selected  to  be  approximately  0.010  inch  less 
than  the  smallest  of  the  above  three  values. 

Undercut  and  Fillet  Interference 


Undercut  and  fillet  Interference  were  checked  using  another  computer 
program  previously  developed  by  the  contractor.  This  program  uses 
the  actual  machine  settings  and  cutter  specifications.  The  data 
obtained  from  this  program  indicate  the  location  of  undercut  along  the 
tooth  length,  the  height  of  the  undercut  up  from  the  root  of  the  tooth, 
the  angle  of  intersection  of  the  undercut  with  reference  to  the  tooth 
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profile,  and  the  location  of  any  interference.  Inspection  of  the  data 
showed  tnac  undercut  and  interference  would  not  exist  for  either  tooth 
design. 

Selection  of  Gear  Quality 


The  gear  tooth  accuracy  was  established  in  accordance  with  Reference  22 
as  AGMA  Class  13  by  contractual  agreement.  This  is  currently  the 
highest  quality  obtainable  in  production  on  bevel  gears  and  was  specified 
here  in  order  to  assure  maximum  strength.  Generally  high  accuracy  Is 
necessary  for  high-speed  heavily  loaded  gears  to  reduce  detrimental 
dynamic  effects. 

The  selection  of  gear  blank  tolerances  is  dependent  upon  the  accuracy 
requirements  of  the  teeth.  The  detail  drawings  indicate  the  tolerances 
on  the  locating  and  centering  surfaces  that  are  required  to  obtain  the 
specified  gear  tooth  accuracy. 

Preliminary  Stress  Analysis 

The  bending  stresses,  compressive  stresses,  and  scoring  Indexes  were 
calculated  for  the  test  gears  produced  with  both  7-1 /2-inch  and  12-lnch 
cutter  diameters  using  the  American  Gear  Manufacturers  Association 
and  the  contractor's  manuals  that  are  in  current  use.  The  stress 
formulas  contained  in  these  manuals  had  been  previously  programmed 
on  a  computer  by  the  contractor  and  resulted  in  Dimension  Sheet 
No.  139.  898AB  for  the  7-l/2-inch  cutter  diameter  design  and  Dimension 
Sheet  No.  139.887AB  for  the  12-lnch  cutter  diameter  design.  A  summary 
of  the  calculated  stresses  is  shown  in  Table  I  for  the  four  load  levels 
used  in  the  dynamic  tests  and  in  Table  II  for  the  maximum,  minimum, 
and  an  Intermediate  level  used  in  the  static  test  (pulsing  tests).  (See 
Table  IX  in  Appendix  I  for  complete  load- stress  spectrum  used  in  the 
static  tests. ) 

BLANK  DESIGN 

The  gear  and  pinion  blank  configurations  were  chosen  to  permit  the  use 
of  existing  rigid  test  boxes  In  the  possession  of  the  contractor. 

The  pinion  shank  size  and  length,  as  well  as  the  front  pilot,  were  Identi¬ 
cal  on  all  pinion  designs.  Pinions  used  In  the  pulse r  contained  an 
additional  0.  7 50 -Inch-diameter  hole  through  the  shank  at  right  angles 
to  the  pinion  axis.  The  three  pinion  designs  are  shown  In  Figures  50, 

51,  and  52  In  Appendix  I,  which  Includes  the  pertinent  data  for  each 
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Similarly,  the  gear  blanks  were  made  as  nearly  identical  ae  possible. 
No  special  provision  was  necessary  for  the  gears  tested  in  the  pulser. 
The  two  gear  designs  are  shown  in  Figures  53  and  54  in  Appendix  I. 


TABLE  I.  SUMMARY  OF  CALCULATED  TOOTH  STRESSES  FOR  TEST  GEARS  * 


TABLE  II.  SUMMARY  OF  CALCULATED  TOOTH  STRESSES* 
rnR  pitt.stpr  r.riBs 


Based  on  Static  Loading 

Dimension  Sheet  No.  139.887AB 

Test 

Number 

Member 

Torque 
(in. -lb) 

Calculated 

Bending 

Stress 

(psi) 

Calculated 

Compressive 

Stress 

(psi) 

4 

Pinion 

Gear 

20, 000 
60,000 

66,000 

66, 100 

316, 000 

9 

Pinion 

Gear 

33, 300 
99,900 

109, 900 

110, 100 

407, 900 

21 

Pinion 

Gear 

50,000 

150,000 

165,000 

165,300 

499,700 

See  Appendix  1  for  complete  listing  of  stresses 
for  the  full  range  of  test  loadings. 

^Calculated  stresses  in  above  table  are  based  on 
formulas. 

AGMA 

TEST  GEAR  MANUFACTURE 


BLANKS 


Sequence  of  Operations 


Routing  sheets  indicating  the  sequence  of  operations  are  included  in 
Figure  55  in  Appendix  I.  Since  all  of  the  gear  members  followed  the 
identical  processing  procedure,  only  one  set  of  routing  sheets  is  shown 
for  the  gear  member.  Similarly,  only  one  set  of  routing  sheets  is 
included  for  the  pinion  in  Figure  56  in  Appendix  I  since  the  pinions  are 
also  nearly  identical. 


Inspection  of  Blanks 

During  the  machining  processes,  each  operation  was  inspected  on  the 
first  piece  before  proceeding  with  the  balance  of  the  parts.  Upon  com¬ 
pletion  of  the  blanks  to  the  point  of  cutting  the  teeth,  each  member  was 
individually  inspected  100  percent,  and  records  have  been  maintained. 


TEETH 


Data  for  Gear  Manufacturin 


Information  regarding  the  gear  dimensions,  the  cutter  specifications, 
machine  settings  for  cutting  and  grinding  both  gear  and  pinion,  inspec¬ 
tion  data,  and  machine  sequencing  data  including  speed  and  feed 
information  is  given  on  a  Summary.  Copies  of  the  developed  Summaries 
for  both  designs  are  included  as  Figures  57  and  58  in  Appendix  I. 

The  Summaries  were  calculated  using  a  computer  program  developed  by 
the  contractor.  This  program  is  uued  regularly  to  provide  Summaries 
for  bevel  gear  users  throughout  the  world.  The  gear  member  of  the 
pair  was  cut  and  ground  by  the  "spread-blade"  method,  in  which  an 
alternate -blade  face-mill  cutter  is  used  to  cut  a  slot  of  uniform  width 
from  toe  to  heel.  The  pinion  was  cut  and  ground  by  the  "fixed- setting" 
method,  in  which  independent  control  of  each  side  of  the  tooth  space  is 
maintained  by  individual  machine  settings  and  separate  face -mill 
cutters  for  the  concave  and  convex  sides  of  the  tooth. 

Another  computer  program,  the  Tooth  Contact  Analysis  Program, 
previously  developed  by  the  contractor,  provides  a  kinematic  analysis 
of  the  tooth  contact  between  mating  tooth  surfaces  based  upon  the  actual 
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machine  settings.  This  provides  the  gear  engineer  with  a  means  to 
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time  and  decreases  the  cost  of  a  cutting  development  since  the  proper 
cutter  blade  angles  and  point  diameters  can  be  specified  with  greater 
certainty. 

Gear  Tooth  Cutting 

Upon  c completion  of  the  gear  blank  manufacture,  the  tooth  slots  were 
roughed  and  semifinished  in  a  conventional  spiral  bevel  gear  generating 
machine. 

Heat  Treatment 

Due  to  the  lack  of  capacity  of  the  carburizing  and  quenching  facilities  at 
the  contractor's  plant,  it  waa  not  possible  to  heat-treat  all  of  the  gears 
or  all  of  the  pinions  in  one  batch.  Therefore,  it  was  necessary  to 
separate  the  gears  into  smaller  quantities  for  processing.  A  schedule 
was  established  whereby  the  gears  were  split  into  two  groups  for  carbur¬ 
izing  and  four  groups  for  quenching.  Similarly,  the  pinions  were  also 
split  into  two  groups  for  carburizing  and  quenching.  Each  gear  and 
pinion  was  serialized  before  carburizing  so  that  the  heat-treat  process¬ 
ing  group  could  be  identified  for  each  part.  The  purpose  of  these  records 
was  to  minimize  the  effect  of  heat-treatment  variation  when  the  gears 
were  paired  for  testing. 

Heat-treatment  batch  groupings  are  shown  in  Table  X  in  Appendix  I. 

Gear  Tooth  Grinding  -  Contact  Pattern  Development 

Some  modifications  of  tooth  contact  pattern  are  generally  required  to 
suit  the  deflection  characteristics  of  the  gearbox.  Several  pairs  of 
dummy  gears  and  pinions  of  both  the  7-1/2-ixich  and  12-inch  cutter 
diameter  designs  were  processed  prior  to  the  processing  of  the  test 
gears.  They  were  manufactured  in  the  same  manner  as  the  test  gears, 
and  their  tooth  profiles  were  ground  to  give  a  normally  acceptable 
contact  pattern.  To  verify  this,  the  dummy  gears  were  mounted  in  the 
test  boxes  and  were  checked  for  tooth  contact  under  the  range  of  loads 
scheduled  in  the  fatigue  test.  If  the  tooth  contact  pattern  ground  on 
dummy  gears  was  acceptable,  the  test  gears  were  ground  with  the  same 
grinding  machine  settings  co  produce  the  same  tooth  shape.  These 
machine  settings  were  recorded  on  the  developed  Summaries  shown 
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Gear  Tooth  Grinding  -  Stock  Removal  Control 

After  tho  completion  of  heat  treatment  and  process  grinding  of  the 
hardened  parts,  the  gears  were  ready  for  grinding  the  teeth.  This 
operation  was  performed  in  a  standard  spiral  bevel  gear  grinding 
«  machine.  Prior  to  the  grinding  of  the  test  gear  or  pinion  teeth,  tooth 

thickness  measurements  were  made  at  three  points  along  the  face  width: 
one  near  the  toe  (inner  end  of  the  tooth),  one  at  the  center  of  the  tooth, 
and  the  third  at  the  heel  (outer  end  of  the  tooth)  on  each  piece.  In 
i  addition,  the  tooth  whole  depth  was  measured  prior  to  the  grinding. 

Identical  measurements  were  made  after  gear  tooth  grinding.  The 
difference  between  before  and  after  values  established  the  amount  of 
stock  removed.  On  the  gear  member,  since  both  sides  of  the  tooth  are 
ground  simultaneously,  it  is  not  possible  to  determine  the  amount  of 
material  removed  from  each  side  individually,  but  every  effort  was 
made  to  divide  the  stock  evenly.  On  the  pinion,  measurements  were 
made  after  grinding  each  side  of  the  tooth.  In  this  manner  the  stock 
removal  on  each  surface  can  be  controlled.  Tabulation  of  stock  removal 
at  mid-face  is  shown  in  Tables  XI  and  XII  in  Appendix  I. 

Inspection  of  Test  Gears 

Inspection  of  the  runout  and  pitch  variation  are  also  shown  In  Tables  XI 
and  XII  in  Appendix  I. 

MATERIAL  EVALUATION 

Selection  and  Inspection  of  Material 

The  gears  were  made  from  AMS-6265  steel  which  is  a  consumable- 
electrode  vacuum-melted  material  in  general  use  In  the  aircraft 
■>  industry.  This  material  was  specified  in  the  contract.  The  forgings 

were  purchased,  inspected,  and  processed  in  the  normal  manner  for 
precision  spiral  bevel  gears.  This  included  metallurgical  Inspection 
of  the  forgings,  hardness  checks,  and  certification  of  the  chemical 
analysis.  These  are  recorded. in  Table  XIII  in  Appendix  I. 

R.  R.  Moore  Specimen  Manufacture 

The  contract  called  for  performing  R.  R.  Moore  rotatlng-beam  tests 
on  the  same  steel  used  for  the  test  gears  in  order  to  establish 
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confidence  that  the  material  was  comparable  with  material  used  for 
other  tests.  The  material  for  these  R.  R.  Moore  specimens  was 
received  at  the  contractor^  facility,  where  it  went  through  the  same 
metallurgical  and  chemical  Inspection  as  the  gear  forgings.  These 
bars  were  cent  to  the  John  Stulen  Company,  located  in  Pittsburgh, 

Pennsylvania,  for  machining.  A  drawing  of  the  part,  Figure  59,  is 

shown  in  Appendix  I.  Also  included  in  the  appendix  is  the  routing 

sheet,  Figure  60,  used  to  produce  the  specimens.  „ 

To  duplicate  the  heat  treatment  of  the  R.  R.  Moore  specimens  and 

the  test  gears  as  closely  as  possible,  the  carburizing,  hardening,  and 

stress -relieving  operations  of  the  specimens  for  all  parts  were  per-  * 

formed  at  the  contractor's  plant.  Upon  completion  of  the  manufacture 

of  the  test  specimens,  they  were  Inspected.  A  compilation  of  the 

inspection  results  is  shown  in  Table  XIV  in  Appendix  I. 
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GEAR  TESTING 


In  the  following  sections  will  be  found  a  brief  description  of  the  teat 
equipment  used  on  thia  project  together  with  the  teat  procedure. 

TYPES  OF  TESTS 


Tooth  Contact  and  Deflection  Teata 

The  purpose  of  a  tooth  contact  teat  and  deflection  test  is  to  determine 
the  suitability  of  the  gear  and  pinion  development  and  their  mountings. 

For  the  tooth  contact  teata,  the  gears  are  rotated  very  slowly  in  their 
mountings  under  various  loads  from  friction  load  (no  load)  to  full  load. 

At  each  load  level  the  teeth  of  the  gear  are  painted  with  a  gear  marking 
compound' while  the  gears  are  rotating.  In  thia  manner  a  true  picture 
of  the  tooth  contact  at  the  specified  load  la  obtained.  There  la  no  carry* 
over  of  the  tooth  contact  pattern  from  operation  at  other  loads.  The 
machine  is  stopped  at  each  load  level,  and  tape  transfers  and/or  photo¬ 
graphs  are  made  of  the  gear  tooth  pattern. 

For  the  defltctlon  test,  Indicators  are  placed  at  strategic  positions  In 
the  housing  to  measure  the  deflections  within  the  housing  and  to  measure 
the  relative  shift  of  the  positions  of  gear  and  pinion  with  respect  to  one 
another. 

The  data  obtained  from  these  two  tests  were  used  to  determine  the  suit¬ 
ability  of  the  tooth  bearing  development  when  the  gears  operate  under 
load.  These  data  were  also  used  to  derive  the  formulas  for  load 
distribution  factor,  which  is  described  in  greater  detail  elsewhere  in 
this  report. 

Dynamic  Tests 

The  purpose  of  the  dynamic  tests  is  to  determine  the  behavior  of  the 
gears  at  operating  speeds  and  to  establish  a  stress-life  curve  (S-N 
diagram). 

The  primary  reason  for  this  series  of  tests  was  to  obtain  sufficient 
information  to: 


1.  Establish  an  S-N  curve  for  spiral  bevel  gears  made  from 
carburised  AISI  9310  vacuum-melt  steel. 


2.  Establish  the  difference  in  fatigue  life  between  spiral  bevel  gears 
made  with  a  12-inch  cutter  diameter  and  those  made  with  a 
7-l/l-lnch  cutter  diameter. 

3.  Confirm  the  validity  of  the  new  formulas  for  effective  face  width 
and  load  distribution  factor  developed  on  this  project. 

Pulaer  Tests 


The  purpose  of  the  pulser  tests  is  to  determine  the  suitability  of  gear 
tooth  pulsing  on  spiral  bevel  gears  and  to  establish  a  base  line  for  future 
testing. 

On  the  gear  tooth  pulser  the  gear  member  of  the  pair  is  rigidly  locked 
against  rotation.  Therefore,  the  contact  between  the  pinion  and  gear 
tooth  is  that  represented  by  an  instantaneous  line  of  contact  during  gear 
rotation.  For  these  tests,  a  position  of  the  line  of  contact  was  selected 
from  theoretical  calculations,  which  indicated  that  only  one  tooth  in  the 
pair  of  gears  would  be  supporting  the  load  and  that  its  position  would 
produce  the  highest  stress  in  the  root  of  the  tooth.  No  measurements 
of  root  stresses  were  made  on  the  gears  used  in  these  tests  to  confirm 
this  theoretical  result.  Furthermore,  under  the  high  torque  loads 
imposed  on  these  gears,  the  instantaneous  line  of  contact  spread  over 
an  enlarged  area  because  of  the  gear  tooth  and  mounting  deflections. 
Adjacent  teeth  on  the  gear  were  removed  to  assure  that  all  of  the  load 
would  be  carried  by  a  single  tooth. 

The  actual  pulsing  tests  performed  in  this  program  serve  as  a  base  line 
for  future  testing.  It  is  believed  that  with  further  testing  to  confirm  the 
theoretical  calculations,  a  practical  procedure  for  testing  spiral  bevel 
gear  teeth  can  ultimately  be  achieved. 

R.  R.  Moore  Tests 


The  purpose  of  performing  R.  R.  Moore  tests  on  the  material  used  for 
these  gear  tests  is  to  determine  the  true  material  strength  and  to  show 
that  the  particular  heat  of  material  is  comparable  to  that  used  In  other 
similar  tests. 

TEST  EQUIPMENT 

The  test  equipment  used  on  this  project  Includes  the  deflection  testing 
machine,  dynamic  testing  machine,  and  bevel  gear  pulser. 


* 
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Deflection  Testing  Machine 


The  deflection  testing  machine  is  shown  in  Figure  3.  The  input  shaft  is 
driven  through  a  universal  joint  shaft  arrangement  connected  to  a  reduc¬ 
tion  gearbox  driven  by  a  10-horsepower  electric  motor.  The  output 
shafts  are  connected  to  brake  units  which  consist  of  conventional 
hydraulic  truck  brakes  with  the  master  cylinders  controlled  by  air 
valves.  Lever  systems  are  used  to  measure  the  torque  reactions  of 
the  brakes  in  pounds  of  force  on  two  platform  scales. 

Dynamic  Testing  Machine 

The  dynamic  testing  machine,  Figure  4,  was  primarily  designed  and 
built  fox;  automotive  and  truck  axle  testing.  The  versatility  of  the 
machine  makes  it  ideal  for  testing  any  right-angle  bevel  gear  drive 
application  within  the  maximum  torque  range  of  300,  000  lb-in.  total 
output  torque  and  output  shaft  speeds  of  up  to  1500  rpm. 

Figure  5  shows  a  schematic  diagram  of  the  dynamic  testing  machine. 

This  machine  incorporates  a  four-square  arrangement  with  two  torque 
loops,  a  test  gearbox,  and  a  slave  gearbox,  both  gearboxes  containing 
the  same  gear  ratio  and  assembled  at  opposite  ends  of  the  machine  to 
close  the  two  torque  loops.  The  load  is  applied  by  Increasing  the  torsion 
in  the  machine  shafting  by  means  of  a  windup  mechanism  on  one  of  the 
corner  transmission  units.  The  windup  Is  actuated  from  the  machine 
console,  and  when  the  proper  torque  load  has  been  applied,  the  windup 
mechanism  is  deactivated;  the  torque  then  remains  constant  in  the  loop 
until  a  failure  occurs. 

The  drive  line  is  rotated  by  a  center  drive  motor  and  transmission  unit 
incorporating  an  Infinitely  variable  speed  range  up  to  a  maximum  speed 
of  5000  rpm  on  the  Input  shaft. 

A  motor -generator  unit  provides  power  to  the  main  motor  and  coolant 
motors.  All  operating  controls  are  located  at  the  machine  console  and 
consist  of  speed,  load,  and  operating  on-off  switches.  Also  Included 
are  Indicators  for  reading  DC  current,  drive  motor  speed,  and  test 
gear  driven  speed. 

A  safety  Interlock  system  is  coordinated  with  the  console  controls  to 
protect  the  machine  from  serious  damage  and  to  Insure  more  accurate 
test  results.  This  system  provides  automatic  shutdown  of  the  machine 
upon  failure  of  a  part  of  the  test  unit  or  for  a  variety  of  other  causes, 
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Figure  3.  Deflection  Testing  Machine  With  Test  Box. 


Figure  4.  Gleason  No.  510  Axle  Test  Machine  Used  for 
Dynamic  Testing. 
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overspeed,  underspeed,  and  loss  of  oil  pressure  in  any  of  the  machine 
components. 

The  vibration  indicators  attached  to  the  test  boxes  and  slave  boxes  are 

the  primary  detection  devices  for  tooth  failure.  The  vibration  indicator 

unit  is  adjusted  for  the  ambient  vibration  at  the  beginning  of  each  test 

and  is  then  set  for  some  known  sensitivity.  As  the  test  progresses,  and  » 

tooth  failure  begins,  even  the  smallest  crack  in  the  tooth  is  indicated  by 

a  rise  in  the  vibration  level,  alerting  the  operator  that  failure  has 

occurred.  A  visual  inspection  of  the  unit  then  follows  to  confirm  the 

failure.  4 

Description  of  Dynamic  Tenting  Machine  Test  Box 

The  test  box  consists  of  an  enclosed  gear  drive,  Figure  6,  having  a 
right-angle  spiral  bevel  gear  set.  A  sketch  of  the  test  box  is  shown 
in  Figure  7. 

The  pinion  is  straddle -mounted  on  a  double-row  taper  roller  bearing 
behind  the  pinion,  which  locks  this  member  against  thrust  in  both 
directions,  and  a  straight  roller  bearing  in  front  of  the  pinion.  The 
pinion  assembly  is  mounted  in  an  eccentric  sleeve  which  permits  the 
pinion  to  be  moved  in  a  direction  at  right  angles  to  the  plane  containing 
the  gear  and  pinion  axes.  Shims  are  provided  to  adjust  the  pinion 
mounting  distance  to  obtain  the  optimum  tooth  contact  pattern. 

The  gear  shaft  is  straddle-mounted  on  straight  roller  bearings  to 
support  the  gear  and  hub  assembly.  The  hub  assembly  consists  of  a 
four-pinion  differential,  which  splits  the  torque  between  the  two  side 
gears  splined  to  the  two  output  shafts.  Shims  are  provided  to  adjust 
the  gear  for  the  proper  backlash. 

The  slave  box  at  the  other  end  of  the  test  machine  has  no  differential, 
so  torque  can  be  transmitted  from  each  torque  loop  on  the  machine 
back  into  the  center  drive  box,  thereby  completing  the  closed  loops. 

The  gears  in  the  test  box  are  ldbricated  by  a  splash  system  in  which 
the  gear  member  dips  into  the  oil  sump  in  the  bottom  of  the  box.  The 
bearings  are  pres  sure -lubricated.  Internal  channels  within  the  box 
return  the  oil  to  the  sump.  The  sump  oil  is  circulated  to  an  external 
oil  reservoir  where  it  is  filtered  and  returned  to  the  box  at  the  required 


26 


oil  temperature,  which  was  maintained  at  a  level  of  150*F  to  160#F. 
Failure  Detection  Devices 


The  N-I  bearing  test  set,  Model  BTS  101,  is  designed  to  check  and 
evaluate  the  condition  of  equipment  and  machinery  while  in  operation. 

It  detects  vibration  caused  by  excessive  clearances,  ball  checks, 
shaft  galling,  and  misalignment.  The  gain  control  positions  of  the 
switch  provide  five  graduated  levels  of  gain  so  that  successive  tests 
of  any  bearing  can  be  conducted  under  identical  conditions.  The  meter 
of  the  bearing  test  set  provides  a  numerical  indication  of  relative  bear¬ 
ing  noise  picked  up  by  the  probe  through  an  amplified  electronic  system 
of  the  instrument.  Indications  are  presented  on  a  scale  of  zero  to  100 
and  are  not  intended  to  represent  any  particular  absolute  units  but  to 
provide  relative  measures  of  bearing  noise.  The  reference  gain  setting 
is  established  and  recorded  at  the  start  of  each  bearing  inspection 
program.  The  headset  permits  a  qualitative  evaluation  of  bearing 
condition  and  is  especially  useful  when  the  operator  is  familiar  with 
the  different  sounds  associated  with  a  smooth- running  bearing  and  one 
that  requires  replacement. 

The  vibra- switch-malfunction  detector  is  designed  for  protecting  rotat¬ 
ing  equipment  against  damage  in  the  event  that  malfunctions  occur, 
which  may  be  detected  as  an  increase  in  vibration.  An  alarm  Is  acti¬ 
vated  which  indicates  a  probable  failure,  requiring  an  inspection  by 
the  operator. 

Thermocouples  are  mounted  in  the  test  box.  The  signal  is  monitored 
on  the  temperature  recorder-controller  used  to  control  the  oil  temper¬ 
ature  in  the  test  box.  In  the  event  that  the  temperature  exceeds  the  set 
point,  an  alarm  system  is  activated  which  shuts  off  the  main  drive  moto 

Bevel  Gear  Pulser 


The  pulser,  Figure  8,  was  designed  and  built  to  cause  fatigue  failure 
in  pinion  or  gear  teeth  by  the  application  of  a  cyclic  load,  which  has 
come  to  be  known  as  pulsing. 

A  schematic  diagram  of  the  Gleason  gear  pulser  is  shown  in  Figure  9. 
Item  1  on  this  diagram  is  an  1800-rpm,  5 -horsepower  electric  motor, 
which  is  the  drive  motor  for  the  pulser.  Item  2  Is  a  gear  tooth  pulley 
and  belt  assembly  connecting  the  motor  to  the  pulser  drive  shaft.  An 


eccentric  cam.  Item  3,  mounted  on  this  Bhaft  has  an  adjustable  throw 
which  can  be  set  to  apply  the  proper  torque  load  through  the  lever  arm, 
Item  4,  to  the  pinion  spindle,  Item  5.  The  applied  torque  is  measured 
through  strain  gages,  Item  6,  mounted  on  the  pinion  spindle.  The  signal 
output  of  the  strain  bridge  is  read  out  on  a  digital  voltmeter,  Item  7,  and 
visually  monitored  by  the  height  of  the  wave  form  on  an  oscilloscope, 
Item  8.  The  gear  shaft,  Item  9,  is  rigidly  supported  at  each  end  by  the 
pillow  blocks,  Item  10,  which  provide  resistance  to  torque  as  well  as  to 
radial  and  axial  movement. 

In  order  to  pulse  the  pinion  and  gear  teeth,  the  cam  is  rotated  at  the 
desired  speed,  and  during  each  revolution  the  cam  applies  and  releases 
through  the  lever  arm  the  torque  load  on  the  pinion  and  gear  teeth. 

The  phase  angle  of  engagement  of  the  teeth  is  held  the  same  on  each 
test  by  observing  the  contact  pattern  under  load.  A  vernier  and  scale 
provide  minute  adjustments  In  the  rotation  angle  of  the  gear  shaft. 

Failure  Is  detected  by  a  reduction  in  the  wave  height  on  the  screen  of  the 
oscilloscope,  which  indicates  a  loss  in  torque  In  the  system  and,  hence, 
the  beginning  of  tooth  fatigue  failure. 

TEST  PROCEDURE 


Below  are  listed  the  test  procedures  employed  on  the  three  machines; 
namely,  the  deflection  testing  machine,  the  dynamic  testing  machine, 
and  the  pulser. 

Tooth  Contact  and  Deflection  Tests 


The  test  box  was  assembled  with  the  ground  spiral  bevel  test  gear  pair. 
The  pinion  bearing  preload  was  SO  lb-ln.  torque  with  a  backlash  of 
.  007  Inch  to  ,  008  Inch,  The  assembly  was  mounted  In  a  deflection  test- 
ing  machine,  and  tooth  contact  tests  were  made  on  gear  sets  for  both 
the  7-1/2-lnch  and  12-lnch  cutter  diameters. 

Torque  loads  In  accordance  with  Table  III  were  applied  on  the  convex 
side  of  the  gear  (concave  side  of  the  pinion).  Photographs  were  made 
of  the  gear  tooth  contacts  at  each  torque  load.  See  Figures  61  through 
75  in  Appendix  II.  Following  the  tooth  contact  test,  the  test  box  was 
disassembled,  and  holes  were  drilled  In  the  main  housing  so  that  dial 
Indicators  could  be  mounted  to  register  gear  and  pinion  displacements. 
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me  unit  was  reassemoiea  witn  tne  spiral  bevel  gears,  and  an  indicator 
anchorage  system  was  mounted  on  the  housing.  See  Figure  10.  All  dial 
indicators  were  mounted  from  this  anchorage,  and  their  respective 
locations  are  shown  on  the  Indicator  diagrams,  Figures  76,  77  and  78 
in  Appendix  II.  Torque  loads  were  applied  in  the  same  manner  as  in 
the  tooth  contact  test.  See  Table  III.  Indicator  readings  were  recorded 
at  each  torque  load  as  shown  in  Table  XV  in  Appendix  II. 


TABLE  III.  LOAD  DATA  FOR  DEFLECTION 
AND  TOOTH  CONTACT  TESTS 


Load 

Level 

Gear  Torque 
(lb- in.  ) 

Pinion  Torque 
(lb- in.  ) 

I 

100,000 

33,  333 

II 

71,600 

23,  867 

III 

50,000 

16, 667 

IV 

35,800 

11,933 

Test  Objectives 

1.  To  provide  a  grinding  development  of  tooth  contact 
that  would  be  satisfactory  in  the  test  boxes. 

2.  To  observe  and  photograph  the  gear  tooth  contacts 
under  the  specified  loads. 

3.  To  record  the  displacements  of  the  gear  and  pinion 
under  the  specified  loads. 

Test  Outline 

Tooth  contact  test  -  12-lnch  cutter  diameter. 

Tooth  contact  test  -  7-1/2-inch  cutter  diameter. 

Deflection  test  gear  sets  with  12-lnch  and  7-1/2-lnch  cutter 
diameters. 
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The  final  grinding  developments  for  the  spiral  bevel  test  gears 
manufactured  with  both  7-1  /2-inch  and  12-inch  cutter  diameters 
had  a  length,  position,  and  shape  suitable  for  the  displacements 
registered  in  the  deflection  test. 

The  gear  and  pinion  displacements  are  summarized  in  Appendix  II 
Table  XV. 

Testing  Loads  on  Dynamic  Testing  Machine 

In  order  to  produce  an  S-N  diagram  for  gears  made  from  AMS-6265 
steel,  four  load  levels  were  selected.  For  a  satisfactory  S-N  diagram, 
a  range  of  two  to  one  in  the  load  levels  at  which  tests  are  to  be  con¬ 
ducted  is  required.  The  highest  load  level  was  based  on  the  capacity 
of  the  No.  510  Axle  Test  Machine,  which  has  a  maximum  capacity  of 
300,000  lb-in.  torque  on  the  gear  shaft.  However,  because  of  the 
design  of  the  existing  test  boxes  it  was  not  feasible  to  use  this  upper 
limit  of  the  No.  510  machine.  A  limit  value  of  100,  000  lb-in.  torque 
was  established  as  load  level  I  for  these  testa.  Load  level  IV  was  to 
be  the  torque  corresponding  to  the  endurance  limit  of  the  gears.  An 
initial  prediction  of  this  level  was  35,  800  lb- in.  gear  torque.  This 
value  was  33  percent  above  the  presently  used  endurance  limit  for  air- 
melt  steel.  The  two  intermediate  gear  torques  were  selected  as 
71,  600  lb-ln.  (twlre  the  minimum  torque)  and  50,  000  lb-ln.  (one-half 
the  maximum  torque).  These  were  tentatively  established  as  load 
levels  II  and  III,  respectively.  This  produced  nearly  uniform  spacing 
on  logarithmic  plotting  paper. 

Testing  was  initiated  at  the  highest  loads  and  extended  downward  by 
steps,  thereby  producing  a  rough  S-N  curve  with  single  points  at  the 
three  upper  load  levels.  By  projecting  this  S-N  line  down  to  the  lowest 
load  level  (load  level  IV),  it  appeared  that  the  35,  800  lb-in.  gear  torque 
would  be  below  the  endurance  limit.  Therefore,  the  initial  test  at  load 
level  IV  was  performed  at  a  gear  torque  of  40,  000  lb-ln.  At  this  load 
no  failure  was  experienced  within  the  30,  000,  000-cycle  limit.  Further 
testing  indicated  that  the  endurance  limit  was  close  to  a  gear  torque  of 
50,  000  lb-ln.  (load  level  III).  Therefore,  the  remainder  of  the  testing 
at  load  level  IV  was  performed  in  the  gear  torque  range  of  45,  000  to 
50,  000  lb-ln. 

A  new  load  level  III  was  established  at  60,  000  lb-in.  gear  torque,  which 
was  roughly  halfway  between  load  levels  II  and  IV. 


It  Viftri  h*t«n  nl&rtnnri  tn  turn*  all  of  the  onara  (night  aeta)  nrndnrsri  with  a 
7*1  /2-tnch-diameter  cutter  at  load  level  II  (71,  600  lb-in.  gear  torque). 
However,  after  teatlng  two  sets  of  these  gears  at  this  level,  it  became 
apparent  that  this  was  too  close  to  the  endurance  limit  for  this  design. 
Therefore,  only  four  sets  were  tested  at  this  load  level.  The  remaining 
four  sets  were  tested  at  load  level  I  (1000,  000  lb-in.  gear  torque). 

By  this  means  It  was  possible  to  establish  roughly  the  fatigue  curve  for 
gears  produced  with  a  7-1/2-inch-diameter  cutter. 

The  load  levels  finally  used  are  presented  in  Table  V. 

The  sets  of  test  gears  and  pinions  were  paired  in  such  a  manner  as  to 
cancel  the  effect  of  batch  hardening.  The  heat-treatment  pairing  la 
shown  in  Appendix  II,  Tables  XVI  and  XVII. 

Operating  Speeds  on  the  Dynamic  Testing  Machine 

Operating  speeds  for  the  dynamic  tests  were  selected  to  be  compatible 
with  the  vibration  characteristics  of  the  machine  and  to  suit  the  test 
program  best. 

Load  levels  and  gear  and  pinion  speeds  are  listed  In  Table  IV. 


TABLE  IV. 

OPERATING  SPEED  FOR  DYNAMIC  TESTS 

Load 

Pinion  Speed 

Gear  Speed 

Level 

(rpm) 

(rpm) 

I 

950 

317 

II 

1300 

433 

III 

1900 

633 

IV 

2600 

867 

Tests  were  terminated  at  30,000,000  pinion  cycles  or  when  failure  was 
experienced,  whichever  occurred  first.  From  previous  testing  it  had 
been  established  that  a  life  of  30,  000,000  cycles  represents  a  close 
approximation  to  the  endurance  limit  for  dynamic  gear  testing, 


Testing  Loada  on  the  Pulser 

In  order  to  produce  an  S-N  diagram  for  gears  made  from  AMS-6265 
steel  and  to  roughly  correlate  the  results  with  the  running  tests  per¬ 
formed  on  the  No.  510  Axle  Test  Machine,  it  was  necessary  to  use 
approximately  the  same  range  of  loads.  However,  it  was  decided  that 
the  torque  loads  applied  in  the  pulse r  should  be  higher  to  compensate 
for  the  absence  of  the  dynamic  effects  felt  in  the  axle  test  machine. 
The  first  tests  were  performed  at  a  load  level  of  100,  000  lb-tn.  gear 
torque.  From  here  (die  loads  were  extended  upward  and  downward  in 
an  effort  to  obtain  a  complete  S-N  diagram  and  to  establish  an  endur¬ 
ance  limit.  No  attempt  was  made  to  operate  the  pulser  at  four 
predetermined  load  levels,  as  was  done  on  the  running  tests  on  the 
No.  510  Axle  Test  Machine.  The  range  of  torques  covered  by  the 
pulser  tests  extended  from  60,000  lb-in.  to  150,  000  lb-ln. 

Operat.ng  Speeds  on  the  Pulser 

The  cycle  rate  of  pulsing  was  selected  to  be  compatible  with  the 
vibration  characteristics  of  the  pulser  machine.  For  the  htgh-load 
short-run  tests,  the  speed  was  selected  at  1,  200  stress  cycles  per 
minute  to  minimize  the  percentage  of  error  In  life  when  fatigue 
occurred.  For  the  light-load  long-cycle  runs,  the  cycle  rate  was 
increased  to  2,  700  cycles  per  minute  to  minimise  the  length  of  the 
tests. 

Tests  were  terminated  at  10,  000,  000  cycles  or  when  failure  was 
experienced,  whichever  occurred  first.  From  previous  testing  it 
had  been  established  that  a  life  of  10,  000,  000  cycles  represents  a 
close  approximation  to  the  endurance  limit  for  pulsing  gear  testing. 

Test  Gears  Used  on  the  Pulser 


The  gears  used  for  the  pulser  tests  were  produced  with  a  12-inch 
cutter  diameter.  Tooth  geometry  was  identical  with  the  gears  used 
for  dynamic  testing.  However,  goar  teeth  adjacent  to  the  tooth  being 
stressed  were  removed  from  the  gear  prior  to  testing  so  that  the  load 
would  be  carried  by  a  single  gear  tooth. 
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TABLE  V.  TEST  RESULTS  NO.  510  AXLE  TEST  MAC 


Lead  Level 
Gear  Torque 
Pinion  Speed 
Cutter  Diam, 


Load  Level 
Gear  Torque 
Pinion  Speed 
Cutter  Diam. 


I 

11 

100,000  lb 

-in. 

71,600  lb-in.  | 

950  rpm 

1,  300  rom 

12  tn. 

12  in. 

Pinion 

Failure* 

Pinion 

Test 

Serial 

Cycles 

Pinion 

Gear 

Test 

Serial 

Cycles  P 

1 

8-108 

89,  190 

B 

A 

5 

6-106 

401,  000 

2 

12-1 12 

122, 900 

B 

A 

7 

9-109 

406, 000 

8 

3-103 

103,  >00 

B 

A 

10 

35-135 

399,900 

11 

21-121 

109, 900 

B 

A 

27 

17-117 

485,800 

14 

34-134 

111,700 

B 

A 

28 

20-120 

429,  300 

30 

26-126 

147, 000 

B 

A 

31 

27-127 

421,500 

35 

37-137 

136, 300 

B 

A 

34 

46-146 

442, 900 

39 

41-141 

118,700 

B 

A 

38 

45-145 

368,500 

IV 

I 

50,000  lb 

-in. 

100, 

000  lb-in. 

1,  900  rpm 

950  rpm 

12  in. 

7.  500  in. 

Pinion 

Failure* 

Pinion 

Teat 

Serial 

Cycles 

Pinion 

Gear 

Test 

Serial 

Cycles  P 

3 

1-105 

2,753,  000 

None 

B 

19 

72-172 

478,800 

4 

19-119 

2,861,  000 

None 

J  A 

None 

21 

78-178 

254, 900 

6 

4-104 

30,  000,  000** 

None 

23 

79-179 

173,  500 

9 

10-110 

1,  981,  000 

None 

B 

25 

71-171 

314,  000 

12 

14-114 

30, 000, 000 

None 

1  B 

13 

15-115 

30,000,  OOOt 

None 

None 

16 

30-130 

30,  000,  OOOt 

None 

None 

26 

44-144 

23, 320, 000 

None 

A 

*  A  =  Fatigue  cracks  on  profile  near  root 
B  =  Fatigue  cracks  in  root  fillet 


510  AXLE  TEST  MACHINE 


i - 

II 

71,600  lb-in. 

1,  300  rpm 

12  in. 

III 

60,000  lb-in. 

1,  900  rpm 

12  in. 

Pinion 

Failure* 

Pinion 

Failure* 

Serial 

Cycle  8 

Pinion 

Gear 

Test 

Serial 

Cycles 

Pinion 

Gear 

6-106 

401,  000 

B 

A 

15 

7-107 

550,  500 

B 

None 

9-109 

406, 000 

B 

A 

20 

31-131 

517,  500 

B 

A 

35-135 

399, 900 

B 

A 

22 

18-118 

284,  900 

B 

A 

17-117 

485, 800 

B 

A 

24 

22-122 

884,700 

None 

B 

20-120 

429, 300 

B 

A 

29 

36-136 

2,  244, 000 

None 

A 

27-127 

421, 500 

B 

A 

32 

32-132 

1,756,  000 

None 

B 

46-146 

442, 900 

B 

None 

33 

39-139 

3,  083,  000 

None 

A 

45-145 

368, 500 

B 

None 

37 

47-147 

1,881, 000 

None 

A 

I 

n 

100, 

300  lb-in. 

71,600 

lb -in. 

950  rpm 

2,  000  rpm 

7.  500  in. 

7.500  in. 

Pinion 

Failure* 

Pinion 

Failure*  j 

Serial 

Cycles 

Pinion 

Gear 

Test 

Serial 

Cycles 

Pinion 

Gear 

72-172 

478,800 

None 

17 

69-169 

5, 055,000 

None 

B 

78-178 

254, 900 

B 

18 

70-170 

6, 358,000 

A 

None 

79-179 

173,  500 

None 

1 

36 

73-173  10, 260,000 

None 

A 

71-171 

314,  000 

B 

40 

80-180 

4,446,000 

None 

A 

**  40,000  lb-in.  gear  torque 
t  45,  000  lb-in.  gear  torque 
$  47,  500  lb-in.  gear  torque 


RESULTS  OF  TESTS 


From  the  three  series  of  fatigue  tests  conducted  during  the  program, 
data  have  been  accumulated  on  the  dynamic  fatigue  life  of  representative 
gears  (dynamic  tests),  the  static  fatigue  life  of  the  same  representative 
gears  (pulser  tests),  and  the  material  fatigue  strength  (R.  R.  Moore 
tests). 

DOCUMENTATION  OF  RESULTS 
Dynamic  Tests 

Table  V  shows  the  results  of  the  dynamic  tests.  This  table  contains  the 
data  from  the  six  series  of  tests  -  four  load  levels  for  the  12- inch 
cutter  diameter  gears  and  two  load  levels  for  the  7-1/2-inch  cutter 
diameter  gears.  For  each  series,  the  test  number,  the  pinion  and 
gear  serial  numbers,  the  pinion  life,  and  the  type  of  failure  on  both 
pinion  and  gear  are  listed. 

Pulsing  Tests 

Table  VI  shows  the  results  of  the  pulser  tests.  This  table  lists  the 
gear  torque  the  life,  and  the  member  on  which  failure  was  first 
observed. 

R.  R.  Moore  Tests 


Table  VII  shows  the  results  of  the  R.  R.  Moore  teBts.  This  table  lists 
the  specimen  number,  the  stress  level,  and  the  life  to  failure. 

Tooth  Contact  and  Deflection  Tests 

Results  of  the  tooth  contact  and  deflection  tests  were  reported  in  the  » 

Test  Procedure  section.  Pictures  of  the  tooth  contacts  are  shown  in 
Figures  61  through  7  5  in  Appendix  II. 

TEST  FAILURES  « 


An  extensive  analysis  of  the  test  failures  was  performed,  including 
visual  and  metallurgical  inspections.  Every  effort  was  made  to  pinpoint 
the  origin  of  the  failure  and  to  explain  the  causes.  This  section  deals 
with  the  visual  Inspection  of  these  failures. 


40 


TABLE  VL 

PULSER  TEST  RESULTS 

Gear  Torque 

Life 

(lb- in.  ) 

(cycles) 

Failure 

60,  000 

10,  215,  000 

None 

70,  000 

10, 000,  000 

None 

73,  500 

1,051,  200 

Pinion 

73,  500 

566, 400 

Gear 

73, 500 

10,  000, 000 

None 

76, 500 

536,  400 

Pinion 

79,  500 

649,  780 

Pinion 

100,000 

69, 600 

Pinion-Gear 

100,000 

63, 600 

Pinion-Gear 

100,000 

103, 250 

Pinion 

103, 500 

48, 290 

Gear 

103,500 

62, 100 

Pinion-Gear 

111, 000 

28,  050 

Gear 

111,000 

47, 870 

Pinion-Gear 

111, 000 

50,  250 

Pinion 

115,500 

45,450 

Gear 

120, 000 

18,420 

Gear 

129,000 

21,  210 

Gear 

13  5,  000 

17,900 

Gear 

135, 000 

20,  850 

Gear 

135,000 

13,  600 

Gear 

135,000 

11,  120 

Gear 

150, 000 

3,  540 

Gear 

TABLE  VII.  FATIGUE  TEST  RESULTS  FOR  R.  R.  MOORE 
SPECIMENS 


Serial 

Number 

Calculated 

Stress 

(ksl) 

Cycles  to 

Failure 
(x  10-6) 

10 

100.  0 

10. 200  * 

12 

120.  0 

29.  340  * 

14 

130.  0 

11.  580  * 

8 

140.  0 

10.  716  * 

1 

145.  0 

12.980  * 

5 

148.  0 

11.  330  ♦ 

15 

150.  0 

2.905 

13 

151.  0 

2.  281 

2 

155.  0 

8.678 

4 

160.  0 

0.  392 

3 

160.  0 

0.  101 

11 

160.  0 

11.  109  * 

16 

160.  0 

4.  839 

6 

170.  0 

1.  156 

9 

171.  0 

0.410 

7 

172.  0 

0.400 

♦Did  not  fall  (run-out) 


Dynamic  Teats 


All  liio  uyimuuu  lccslo,  Lwu  typco  ui  ucnuui^  xatiguc  laiiuien  vvci' a  Oudgi  Vcui 

failures  In  the  root  fillet  and  failures  on  the  tooth  profile  near  the  root 
area.  These  are  indicated' ip  Table  V,  Figures  11  and  12  illustrate 
representative  bending  fatigue  failures  in  the  root  fillet  of  the  gear.  The 
cracks  extend  along  the  root  of  the  tooth  for  two -thirds  of  the  distance 
from  the  toe  toward  the  heel.  Figures  13  and  14  Illustrate  representative 
bending  fatigue  failures  in  the  root  fillet  of  the  pinion.  Here  also  it  will 
be  seen  that  the  cracks  extend  along  the  root  of  the  tooth  for  approxi¬ 
mately  two-thirds  of  the  tooth  length.  On  many  parts,  several  teeth 
showed  cracks  when  treated  with  Spot-Check  after  the  failure  was  first 
detected.  With  two  or  three  exceptions,  no  failures  progressed  to  the 
point  where  the  teeth  were  physically  broken  out.  One  of  these  excep¬ 
tions  is  shown  in  Figure  16. 

As  indicated  in  Table  V,  many  of  the  gears  failed  from  bending  fatigue 
on  the  tooth  profile  near  the  root  area.  This  is  illustrated  in  Figure  15. 
The  crack  is  well  above  the  root  fillet  and  is  on  the  working  profile  of 
the  tooth.  A  further  analysis  of  these  failures  is  made  in  the  Metal¬ 
lurgical  Investigations  section. 

Pulsing  Tests 

On  the  pulsing  tests,  only  bending  fatigue  failures  in  the  root  fillet  were 
experienced.  See  Figures  17  and  18.  This  no  doubt  was  due  to  the  fact 
that  the  line  of  contact  between  gear  and  mating  pinion  did  not  pass 
through  the  area  of  the  tooth  where  cracks  were  observed  on  the  gears 
that  were  tested  dynamically. 

Although  both  gear  and  pinion  failures  were  observed  on  this  series  of 
tests,  gear  failures  outnumbered  pinion  failures  by  nearly  two  to  one. 

In  four  cases  both  gear  and  pinions  cracked  at  approximately  the  same 
time.  This  would  indicate  that  the  lives  of  pinion  and  gear  teeth  were 
nearly  equal  under  the  particular  test  conditions.  It  will  be  evident 
from  an  examination  of  Table  VI  that  the  pinions  generally  failed  at  the 
lower  torque  loads,  whereas  the  gears  failed  at  the  higher  torque  loads. 
In  the  middle-load  range  both  members  failed.  This  would  appear  to  be 
at  variance  with  the  results  of  the  dynamic  tests,  in  which  gear  failures 
were  most  prevalent  at  the  lower  torque  loads. 
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Figure  11.  Typical  Bending  Fatigue  Crack  In  Root  of 
Gear  Tooth. 


Figure  12.  Typical  Bending  Fatigue  Crack  in  Root  of 
Gear  Tooth. 


Figure  13.  Typical  Bending  Fatigue  Crack  In  Hoot  of 
Pinion  Tooth. 


Figure  14,  Typical  Bending  Fatigue  Crack  in  Root  of 
Pinion  Tooth. 
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-Figure  15.  Fatigue  Crack*  on  the  Pro£lle  of  a 
Gear  Tooth. 


Figure  16.  Fatigue  Fracture  Resulting  From  Crack* 
the  Tooth  Profile  of  a  Gear  Tooth. 
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46 


Figure  17.  Typical  Bending  Fatigue  Crack  in  the  Root  of  the 
Pinion  Tooth  on  Pulaer  Teat. 


Figure  18.  Typical  Bending  Fatigue  Crack  in  the  Root  of  the 
Gear  Tooth  on  Puller  Teet. 


R,  R.  Moore  Tests 


The  R.  R.  Moore  teats  were  used  primarily  to  establish  that  the 
material  used  In  these  test  gears  was  of  a  quality  suitable  for 
comparison  with  other  test  results. 

The  R.  R.  Moore  specimens  failed  in  fatigue  because  of  the  reverse 
bending  encountered  in  this  type  c'  test.  The  failures  experienced  in 
this  test  are  not  representative  of  failures  experienced  on  gear  teeth. 
Gears  are  seldom  subjected  to  reverse  bending.  In  addition,  the  size 
of  the  cross-sectional  area  of  the  R.  R.  Moore  specimens  was  selected 
to  be  within  the  capacity  of  the  standard  R.  R.  Moore  testing  machine 
and  was  not  related  to  the  cross-sectional  area  of  the  gear  teeth. 

Finally,  the  polished  surfaces  used  on  the  R.  R.  Moore  specimens 
were  not  representative  of  the  ground  fillets  used  on  the  test  gears. 

The  failures  experienced  here  occurred  in  the  central  area  of  the 
sp  tmens.  The  scatter  in  the  location  of  the  failures  was  about 
normal  for  this  typo  of  test.  Tests  were  run  for  10,  000,  000  cycles 
or  until  failure,  whichever  occurred  first.  Table  VII  Includes  the 
results  of  the  R.  R.  Moore  fatigue  tests. 

METALLURGICAL  INVESTIGATIONS 

Preliminary  Examinations  of  Test  Gears 

Metallurgical  examinations  of  test  gears  and  pinions  were  conducted 
prior  to  fatigue  testing  to  insure  that  the  gear  sets  were  properly  heat- 
treated.  One  gear  or  pinion  from  each  of  the  four  carburizing  loads  was 
sectioned.  The  results  of  surface  hardness  and  case  depth  checks  for 
gear  No.  123  are  shown  plotted  In  Figure  19.  The  microhardness 
traverse  was  made  normal  to  the  root  fillet.  The  core  hardness  of  the 
gear  was  38  Rc.  Similar  results  were  obtained  from  the  other  three 
specimens. 

The  heat-treatment  requirements  were: 

1.  Case  hardness,  Rc  60  minimum. 

2.  Effective  case  depth  at  root  radius,  0.  045"-0.  055". 

3.  Core  hardness,  Rc  34  to  38. 
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It  was  concluded  that  the  teat  gears  and  pinions  were  properly  heat- 
treated.  The  metallurgical  structure  of  the  carburized  case  Is  shown 
in  Figure  20.  The  structure  consists  of  martensite  and  a  small  quantity 
of  retained  austenite.  The  core  structure,  Figure  21,  consists  of  low 
carbon  martensite  with  no  evidence  of  proeutectold  ferrite. 

Examination  of  Failed  R.  R,  Moore  Specimens 

Two  R.  R.  Moore  specimens,  No.  3  and  No.  16,  were  fatigue -tested  at 
the  same  stress  level  of  160,  000  pal.  Specimen  No.  16  ran  4.  8  x  10^ 
cycles  before  it  failed,  while  specimen  No.  3  lasted  only  0.1  x  10® 
cycles.  A  metallurgical  Investigation  was  conducted  to  determine  the 
reason  for  the  difference  in  specimen  life  during  the  fatigue  test.  A 
microhardness  traverse  on  a  Leitz  tester  under  a  load  of  1  Kg  was  run; 
refer  to  Figure  22.  The  case  depth  vs  hardness  traverse  shows  the 
case  hardness,  effective  depth  of  case,  and  the  core  hardness  of  each 
specimen  to  be  nearly  identical. 


DEPTH,  INCHES 


Figure  19.  Hardness  Traverse  on  Test  Gear  No.  123, 


J 
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Figure  20.  Photomicrograph  of  Case  Structure  in  Test  Gear 
No.  123  (X  500). 


Figure  21.  Photomicrograph  of  Core  Structure  in  Te*t 
Gear  No.  123  (X  500). 
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SAMPLE  NO.  3  □ 
SAMPLE  NO.  16  0 
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Figure  22.  Case  Depth  Vs  Hardness  Traverse  for  R.  R.  Moore 
Specimens  3  and  16. 
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Visual  examination  showed  the  two  samples  to  be  almost  identical  in 
metallurgical  structure.  Representative  phutwuuc rog raphe  ox  the  case 
and  core  structures  are  shown  in  Figures  23  and  24.  The  retained 
austenite  in  both  specimens  was  estimated  to  be  about  15  to  20  percent. 

It  was  concluded  that  the  metallurgical  examination  did  not  reveal  an/ 
gross  discrepancies  that  could  be  held  accountable  for  the  difference 
in  specimen  life.  It  Is  believed  that  stress  concentration  at  grain 
boundaries  and  at  inclusions,  and  strength  variations  due  to  grain 
orientation  are  the  factors  most  likely  to  have  affected  the  difference 
in  life  between  the  two  specimens. 

Examination  of  Failed  Test  Gears 

During  the  test  program,  bending  fatigue  cracks  on  the  test  gears  were 
observed  at  two  locations:  one  in  the  tensile  fillet  and  the  other  slightly 
higher  on  the  tensile  profile  of  the  tooth.  Usually, bending  fatigue  cracks 
occur  in  the  tensile  fillet  and  originate  at  the  surface.  An  extensive 
effort  was  made  to  determine  whether  the  cracks  that  occurred  higher 
up  on  the  profile  were  initiated  at  the  surface  or  below  the  surface 
(subsurface). 

Gear  No.  122  was  typical  of  the  test  gears  that  failed  because  of  bend¬ 
ing  fatigue  cracks  in  the  tensile  fillet.  The  cracked  tooth  was  removed 
from  this  gear  and  sectioned.  Microhardness  traverses  were  made 
normal  to  the  convex  (tensile  side)  surface  both  in  the  root  of  the  tooth 
below  the  crack  and  at  the  pitch  line  and  normal  to  the  concave  surface 
in  the  root.  See  Figure  25.  Photomicrographs  typical  of  the  case  and 
core  structure  of  this  tooth  are  shown  in  Figures  26  and  27.  The  case 
and  core  structures  are  essentially  the  same  as  the  structures 
examined  prior  to  testing. 

Gear  No.  178  had  profile  cracks  on  about  half  the  teeth.  One  tooth  on 
this  gear  that  did  not  show  any  surface  cracks  under  either  the  "Spot- 
Check  Technique"  or  the  microscopic  examination  was  removed.  A 
normal  section  slice  was  made  near  the  heel  end  of  the  tooth,  and  the 
section  was  examined  for  the  presence  of  subsurface  cracks.  None 
were  found.  An  additional  0.  010  inch  of  stock  was  carefully  ground 
off  the  normal  section,  and  the  specimen  was  reexamined.  This 
process  was  repeated  on  this  tooth  until  the  area  of  probable  damage 
had  been  completely  examined.  Another  tooth  was  selected  at  random 
from  the  same  gear,  and  the  process  was  repeated.  In  neither  case 
were  subsurface  cracks  visible. 
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Figaro  24.  Photomicrograph  of  Core  Structure  in  R.  R.  Moore 
Specimena  (X  500), 
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A  tooth  from  gear  No.  178  that  had  a  surface  rr*rV  on  the  tooth  profile 
wai  removed  and  sectioned.  A  microhardness  traverse  was  made  in 
the  normal  section  slightly  above  the  crack;  see  Figure  28.  The  plot  of 
hardness  versus  depth  is  shown  in  Figure  29.  This  traverse,  like  all 
the  others  made  on  failed  test  gears,  showed  a  reduction  in  the  value  of 
effective  case  depth  from  that  measured  prior  to  fatigue  testing.  This 
Is  explained  by  the  removal  of  stock  during  the  final  tooth-grinding 
operation  which  followed  the  preliminary  metallurgical  examinations 
of  the  test  gears. 

Gear  No.  172  also  had  a  few  teeth  with  profile  cracks.  One  tooth  with 
a  profile  crack  was  removed  (Figure  30)  and  a  normal  section  was  made 
near  the  heel  end.  Figure  31  shows  where  the  microhardness  traverse 
was  taken.  The  hardness  versus  case  depth  was  almost  identical  to 
the  plot  shown  in  Figure  29. 

Stock  was  carefully  ground  off  the  normal  section  in  successive  steps 
going  from  heel  to  toe.  What  may  have  appeared  as  a  subsurface  crack 
in  one  section  joined  the  surface  crack  in  another  section.  It  can  be 
concluded  that  no  cracks  were  seen  which  did  not  at  some  point  along 
the  tooth  length  come  to  the  surface.  It  was  not  possible  to  prove  con¬ 
clusively  the  true  origin  of  these  cracks. 

X-ray  diffraction  techniques  were  used  to  determine  the  amount  of 
retained  austenite  on  the  tooth  surface  both  in  the  tensile  fillet  and  on 
the  profile  approximately  where  the  higher  cracks  were  located.  The 
concave  side  of  pinion  No.  35  and  the  convex  side  of  gears  Nos.  122 
and  118  all  showed  about  8  to  11  percent  retained  austenite. 

Pinion  No.  35  and  gear  No.  122  had  fatigue  cracks  in  the  root  of  the 
tooth.  Profile  fatigue  cracks  were  observed  on  the  teeth  of  gear 
No.  118. 

There  did  not  appear  to  be  any  metallurgical  difference  between  the 
gears  with  root  cracks  and  the  gears  with  profile  cracks.  The  gears 
made  of  vacuum-melt  material  are  able  to  run  longer  at  higher  stress 
levels;  therefore,  it  is  possible  that  the  tensile  surface  stresses  sur¬ 
rounding  the  area  of  high  contact  stress  near  the  root  of  the  gear  tooth 
combine  with  the  bending  stresses  to  cause  bending  fatigue  failure  on 
the  tooth  profile  rather  than  in  the  root  fillet.  No  other  explanation  for 
this  difference  has  been  found  to  date. 
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Figure  28.  Photograph  Showing  Location  of  Mlcrohardness 
Travers*  on  Test  Gear  No.  178  (X  100). 


Figure  29.  Case  Oepth  Vs  Hardness  Traverse  for  Test 
Gear  No,  178. 
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Finally)  a  high -magnificat Ion  photograph  of  a  typical  profile  fracture 
ia  shown  in  Figure  32.  This  photograph  was  taken  with  the  aid  of  an 
electron-beam- scanning  microscope, 


Figure  32.  Photograph  From  Electron-Beam-Scanning 
Microscope  on  Test  Gear  No.  120  (X  1105). 
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NTT w  stp.ength  fop.mulas 

While  gears  were  being  manufactured  and  tested,  an  analysis  of  the 
existing  strength  formulas  was  initiated,  and  the  following  positive 
steps  were  taken  to  improve  these  formulas. 

EFFECTIVE  FACE  WIDTH 

* 

Using  data  generated  in  a  previous  experiment,  Reference  14,  a  detailed 
study  of  the  stress  distribution  In  the  root  fillet  of  several  model  gear 
teeth  was  performed.  This  experiment  consisted  of  mounting  five 
equally  spaced  strain  gages  in  the  root  fillet  of  each  model  tooth  along  « 

the  length  of  the  tooth.  Point  loads  of  equal  value  were  applied  success 
lively  at  a  series  of  equally  spaced  grid  points  on  the  tooth  surface  - 
three  rows  each  at  a  different  height  above  the  base  of  the  tooth  and 
eleven  points  in  each  row  along  the  length  of  the  tooth.  See  Figure  33. 

Strain  readings  from  each  gage  were  recorded  for  each  loading  point. 
Computer  programs  were  established  to  interpolate  between  grid  points 
and  between  strain  gages.  By  selecting  a  series  of  discrete,  equally 
spaced  points  in  a  straight  line  on  the  tooth  surface,  a  second  computer 
program  could  effectively  duplicate  the  stress  distribution  produced  by 
any  line  of  contact.  By  varying  the  magnitude  of  the  loads  at  the  various 
points,  any  load  distribution  could  be  simulated.  The  method  assumed 
that  superposition  of  strains  is  valid. 

Once  the  strain  distribution  along  the  root  of  the  tooth  was  determined 
from  the  data,  an  exponential  curve  was  fitted  to  the  data.  A  regres¬ 
sion  program  then  determined  the  coefficients  of  the  exponential 
equation. 

The  final  formula  for  effective  face  width  is  based  on  the  ratio  of  the 
average  stress  to  the  maximum  stress  and  can  be  expressed  as  follows: 


(1) 


¥ 


where  Fe  =  effective  face  width 
F  =  actual  net  face  width 

*avg  =  average  stress  along  root  of  tooth  produced  by  a 
uniform  load  distribution  along  the  total  length  of 
the  tooth  at  the  assumed  load  height  used  for  sm4x 
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33.  Loading  Matrix  on  Tooth  Models. 


■max  =  nuiximum  stress  along  root  of  tooth  produced  by 
anumed  tooth  loading 

Values  of  effective  face  width  given  by  thts  new  formula  are  smaller 
than  the  values  given  by  the  present  AGMA  formulas.  This  results  in 
higher  calculated  bending  stresses.  A  detailed  and  complete  derivation 
of  the  effective  face  width  formulas  is  contained  in  Appendix  III. 


POSITION  OF  POINT  OF  LOAD  APPLICATION 

In  previous  work,  Reference  8,  it  was  concluded  that  the  center  of 
pressure  along  the  instantaneous  line  of  contact  on  a  spiral  bevel  gear 
tooth  lies  at  a  point  offset  toward  the  heel  end  of  the  tooth  from  the 
center  of  the  line  of  contact.  This  conclusion  was  based  on  the  assump¬ 
tion  that  the  center  of  pressure  lies  close  to  the  widest  portion  of  the 
instantaneous  line  of  contact.  An  analysis  performed  by  the  contractor 
prior  to  the  initiation  of  this  project  showed  that  the  load  will  be  great¬ 
est  at  this  widest  point  along  the  line  of  contact,  but  the  center  of 
pressure  will  lie  nearer  the  center  of  the  line  of  contact.  By  replotting 
available  fatigue  test  data  versus  the  calculated  stresses  based  on  a  new 
assumption  that  the  point  of  load  application  lies  halfway  between  the 
center  of  the  line  of  contact  and  the  widest  point,  it  was  demonstrated 
that  a  better  correlation  existed.  The  width  of  the  scatter  band  was 
reduced  appreciably.  The  most  Important  effect  was  an  Improved 
strength  balance  between  gear  and  mating  pinion. 


In  the  present  analysis  this  new  assumption,  that  the  point  of  load  appli¬ 
cation  can  be  considered  to  be  represented  by  a  point  load  acting  halfway 
between  the  center  of  the  instantaneous  line  of  contact  and  the  widest 
point,  has  been  Incorporated  in  the  formula  for  the  geometry  factor. 

This  results  in  the  value  of  the  correction  factor,  k  (given  in  the 
Appendix  to  the  AGMA  Strength  Standards,  References  15  and  16), being 
doubled  or  made  equal  to  8*1.+  . The  correction  factor,  k,  used  in 
the  present  formulas  is  the  xeBiprocal  of  k,  and  its  value  Is  therefore 
halved  or  made  equal  to 


N-n 


8n  +  6,  4N 
documented  in  Appendix  V. 


This  value  is  used  in  the  formulas 


LOAD  DISTRIBUTION  FACTOR 


It  has  long  been  known  that  the  shift  in  the  tooth  contact  along  the  length 
of  a  gear  tooth  will  cause  the  tooth  to  break  at  its  end  even  under 
moderate  loads.  In  this  program  a  study  was  made  of  the  effect  of 
this  contact  shift. 
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When  a  deflection  test  is  made  on  a  gear  mounting,  Indicators  are 
placed  at  strategic  positions  to  measure  the  relative  displacements 
of  the  gear  and  mating  pinion.  Using  the  formulas  derived  by  Baxter, 
Reference  13,  it  is  possible  to  calculate  the  shift  of  the  tooth  contact 
position  along  the  length  of  the  tooth  under  any  known  relative  displace¬ 
ments,  assuming  that  the  tooth  la  a  rigid  body  and  does  not  deflect. 

From  the  experimental  data  obtained  on  a  Gleason  No.  14  Testing 
Machine  under  light  loads,  measurements  were  made  of  the  lengthwise 
shift  in  the  tooth  bearing  under  various  displacements.  A  correlation 
coefficient  between  the  calculated  shift  and  the  measured  shift  was 
thereby  determined.  This  correlation  coefficient  turned  out  to  be 
unity,  indicating  the  accuracy  of  the  formulas  for  adjustability. 

Using  the  same  basic  data  given  in  Reference  14  and  the  approach  used 
to  determine  the  stress  distribution  ~>ng  the  tooth  given  in  the  Effective 
Face  Width  section,  it  wan  possible  to  establish  a  formula  for  the  load 
distribution  factor.  The  final  formula  for  load  distribution  factor  is 
based  on  the  ratio  of  the  maximum  stress  at  the  displaced  position  of 
the  contact  pattern  to  the  maximum  stress  at  the  central  position  on 
the  tooth  face  width.  It  can  be  expressed  as  follows: 

Km  =»  JiJlift  (2) 

■max 

where  Km  =  load  distribution  factor . 

■shift  =  maximum  stress  along  the  root  of  the  tooth  when 
the  tooth  contact  pattern  has  shifted  away  from  its 
central  position  on  the  tooth. 

■max  =  maximum  stress  along  the  root  of  the  tooth  when 

the  tooth  contact  pattern  is  centrally  located.  This 
is  the  same  smax  referred  to  In  the  Effective  Face 
Width  section, 

The  effect  of  lengthwise  tooth  curvature  (cutter  diameter)  is  reflected 
in  the  adjustability  coefficients,  which  are  used  In  the  determination 
of  the  calculated  lengthwise  tooth  contact  ahlft.  In  addition,  the  effect 
of  the  lengthwise  radius  of  curvature  on  tooth  contact  length  is  con¬ 
sidered.  For  the  first  time,  the  effect  of  lengthwise  tooth  curvature 
on  bending  stresses  is  Included  in  the  formulas. 

It  is  the  difference  in  lengthwise  tooth  contact  shift  between  the  test 
gears  produced  with  7-1/2-inch  and  12-inch  cutter  diameters  that 
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accounts  for  the  difference  in  fatigue  life  between  the  two  designs  when 
tested  at  the  same  load  level,  Figure  34.  When  an  S-N  diagram  is 
plotted,  based  on  these  new  formulas,  the  difference  in  calculated 
stress  resulting  from  this  new  load  distribution  factor  largely  compen¬ 
sates  for  the  difference  between  the  two  designs,  Figure  35. 

A  detailed  and  complete  derivation  of  the  load  distribution  factor  is 
contained  in  Appendix  IV. 

SIZE  FACTOR 

The  AGMA  bevel  gear  strength  formulas  contain  a  size  factor  that 

compensates  for  the  size  effect  of  the  particular  gear.  Formerly,  * 

this  size  factor,  for  convenience,  was  included  in  the  formula  for 

calculated  stress;  in  the  formulas  contained  herein,  the  size  factor 

has  been  included  in  the  formula  for  working  stress.  This  has  the 

effect  of  raising  the  calculated  stresses  to  a  value  more  nearly  equal 

to  the  true  stress  level. 

( 

This  change  was  made  to  comply  with  the  requirement  that  the  strength  !  j 

calculations  for  bevel  gear  teeth  should  produce  stresses  corresponding  j 

to  the  true  stresses  in  the  gear  material.  j  i 

i  1 

It  would  be  well  to  point  out  that  this  change  results  in  certain  disad¬ 
vantages! 

< 

1.  For  the  average  gear  engineer,  it  Increases  the  hazard  of 

mistakes.  At  the  present  time,  the  calculated  bending  stress  ! 

in  a  bevel  gear  tooth  requires  only  the  multiplication  of  a 

strength  factor,  given  on  the  contractor's  dimension  sheets  : 

for  bevel  gears,  by  the  torque.  This  value  is  then  compared 
with  a  single  value  for  the  allowable  stress  of  the  material. 

With  the  present  change,  both  a  calculated  stress  and  a  work¬ 
ing  stress  must  be  calculated  and  compared. 

►  i 

2.  When  fatigue  data  are  plotted  to  produce  an  S-N  diagram,  the 

plotting  of  true  stress  vs  gear  life  no  longer  has  meaning,  ! 

except  when  the  data  are  plotted  for  a  single  gear  design. 

Frequently,  one  wishes  to  plot  data  obtained  from  several 
gear  designs  of  varying  sizes.  This  cannot  be  done.  Since 
bevel  gears  are  produced  in  a  wider  range  of  diametral  pitches 
than  is  common  with  spur  and  helical  gears,  this  change  results 
in  a  greater  hardship  to  the  bevel  gear  user. 
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If  one  Is  concerned  only  with  infinite  life  applications,  the  use  of  true 
stress  may  have  some  merit.  Otherwise  the  existing  AGMA  method 
modified  by  the  new  effective  face  width,  position  of  the  point  of  load 
application,  and  load  distribution  factor  would  appear  to  be  more  useful. 

The  new  formula  for  the  size  factor  for  bevel  gears  incorporated  in  the 
equation  for  working  stress  is  given  as  follows: 

% 

K,  =  ^  for  gears  of  16  DP  and  coarser  (3) 

l  =  1.  0  for  gears  of  16  DP  and  finer 

I 

where  K,  =  size  factor 

=  transverse  diametral  pitch  at  outer  end  of  tooth 

This  formula  for  size  factor  gives  values  twice  the  magnitude  of  those 
given  in  the  AGMA  bevel  gear  strength  standards. 

In  the  present  AGMA  bevel  gear  strength  standards,  the  allowable 
stresses  have  been  reduced  to  a  value  corresponding  with  the  working 
stress  in  a  1-DP  gear.  This  allowable  stress  is  one-half  the  working 
stress  for  a  16-DP  gear.  The  size  factor  for  a  1-DP  gear  was  estab¬ 
lished  as  unity.  Therefore,  the  size  factor  for  a  16-DP  gear  was  0.  5. 

With  this  new  approach  to  the  use  of  a  size  factor,  the  allowable  stress 
is  established  on  the  basis  of  the  strength  of  the  material  in  a  small 
specimen  (R.  R.  Moore),  which  corresponds  approximately  to  a  16-DP 
gear  tooth.  The  size  factor  for  a  16- DP  gear  is  now  established  as 
unity.  Therefore,  the  size  factor  for  a  1-DP  gear  becomes  2.0. 

In  the  plotting  of  comparative  data  in  the  Analysis  of  Results  section, 
where  it  is  indicated  that  a  size  factor  has  been  Included  in  the  calcu¬ 
lated  stress  values,  the  size  factor  referred  to  is  the  one  used  in  the 
present  AGMA  bevel  gear  strength  standards  and  Is  not  the  one  used 
here. 

*  FINAL  STRENGTH  FORMULAS 

The  final  strength  formulas  are  very  similar  in  form  to  the  existing 
AGMA  formulas.  The  basic  equation  for  the  calculated  bending  stress 
in  the  root  fillet  is  given  as  follows: 


(4) 
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where  *t  =  calculated  tenaile  atresa  in  the  root  of  the  tooth,  pal 
Tp  »  tranemltted  pinion  torque,  lb-tn. 

K0  >  overload  factor 
Kv  a  dynamic  factor 

P<j  a  tranaverae  diametral  pitch  at  outer  end  of  tooth 
F  *  face  width,  in. 


d  =  pinion  outer  pitch  diameter,  in. 

Kri  3  load  diatribution  factor  from  equation  (Z) 

J  a  geometry  factor 

In  aquation  (4),  uae  the  face  width,  load  diatribution  factor,  and 
geometry  factor  for  the  member  being  calculated.  The  alze  factor 
no  longer  appeara  in  equation  (4).  However,  the  load  diatribution 
term  la  evident.  The  term  for  effective  face  width  and  the  change 
In  the  poaltlon  of  the  point  of  load  application  are  Incorporated  in 
the  geometry  factor  and  therefore  do  not  appear  directly  in  equation 
<4). 


The  baaic  equation  for  the  working  atreaa  ia  given  aa  follow*: 

■at _ 

•»*kt  kr  k. 
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where  aw  *  working  atreaa,  pal 

aat  <*  allowable  bending  atreaa,  pal.  Thla  ia  the  value  of 
allowable  atreaa  taken  from  an  S-N  diagram  baaed  on 
R.  R.  Moore  teata  on  a  0.  250-lnch-dlameter  apeclmon, 
corrected  for  aingle-direction  bending. 

Kj  »  temperature  factor 
Kj^  >  factor  of  aafety 
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Kfi  =  size  factor  from  equation  (3) 

The  calculated  bending  atreas  muat  be  equal  to,  or  leaa  than,  the  work¬ 
ing  atreaa. 

*t  '  ®w  (6) 

The  complete  Hating  of  formulae  for  calculated  bending  atreaa  and  work¬ 
ing  atreaa  ia  given  in  Appendix  V. 
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Uilng  both  the  new,  improved  strength  formulas  developed  during  this 
program  and  the  AGMA  strength  formulas,  plots  of  the  results  from  the 
dynamic  tests  and  the  pulsing  tests  have  been  made.  These  plots  include 
the  following: 

1.  Gear  torque  vs  life  in  cycles  for  dynamic  tests,  Figure  34. 

2.  Gear  torque  vs  life  in  cycles  for  pulsing  tests,  Figure  36. 

3.  Calculated  bending  stress  vs  life  In  cycles  for  dynamic  tests 
using  new,  Improved  strength  formulas  with  the  size  factor 
omitted,  Figure  35. 

4.  Calculated  bending  stress  vs  life  in  cycles  for  pulsing  tests 
using  new,  improved  strength  formulas  with  the  size  factor 
omitted,  Figure  37. 

5.  Calculated  bending  stress  vs  life  in  cycles  for  dynamic  tests 
using  new,  improved  strength  formulas  with  the  size  factor 
Included,  Figure  38, 

6.  Calculated  bending  stress  vs  life  In  cycles  for  dynamic  tests 
using  AGMA  strength  formulas  with  the  size  factor  included, 
Figure  39. 

7.  Calculated  bending  stress  vs  life  in  cycles  for  pulsing  tests 
using  new,  Improved  strength  formulas  with  the  size  factor 
included,  Figure  40. 

8.  Calculated  bending  stress  vs  life  In  cycles  for  pulsing  tests 
using  AGMA  strength  formulas  with  the  size  factor  Included, 
Figure  41. 

TORQUE  VS  LIFE  DIAGRAMS 

Figures  34  and  36  present  the  test  data  in  graphical  form;  that  la,  the 
test  load  in  gear  torque  is  plotted  against  the  life  In  cycles.  In  Figure  34 
the  data  points  have  been  separated  into  two  groups:  those  representing 
the  12-inch  cutter  diameter  design  and  those  representing  the  7-1/2-lnch 
cutter  diameter  design.  The  mean  lines  for  the  two  groups  are  also 
shown.  It  can  be  seen  from  this  graph  that  the  7-1/2-lnch  cutter  diame¬ 
ter  design  resulted  in  a  substantially  increased  average  life  over  the 
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Tests  on  17/51  Test  Gears. 


e  35.  Calculated  Bending  Stress  Vs  Life  in  Cycles  for  Dynamic  Tests  on  17/51  Test 
Gears  Using  New,  Improved  Strength  Formulas  With  the  Size  Factor  Omitted. 


Figure  36.  Gear  Torque  V*  Life  in  Cycles  for  Pulsing 
Test s  on  17/51  Test  Gears. 


Figure  38.  Beading  Stress  Vs  Life  in  Cycles  for  Dynamic  Tests  on  17/51  Test 

Gears  Using  New,  Improved  Strength  Formulas  With  the  Old  Size  Factor  Included. 


Figure  41.  Calculated  Bending  Stress  Vs  Life  in  Cycles  for  Pulsing  Tests  on  17/51  Test 
Gears  Using  AGMA  Strength  Formulas  With  the  Old  Size  Factor  Included. 


12-inch  cutter  diameter  design.  Since  only  one  deaign  (12-inch  cutter 
dlam*+*r)  «»•-  tested  on  the  pulver,  only  one  line  representing  the  mean 
is  shown  in  Figure  36. 

STRESS  VS  LIFE  DIAGRAMS 

Figures  35,  38,  and  39  present  dynamic  test  data  by  three  S-N  diagrams. 
Figure  35  is  a  plot  of  calculated  stress  by  the  new,  Improved  method  with 
the  size  factor  omitted  vs  the  life  in  cycles.  Note  the  compact  grouping 
of  the  data  points,  outlining  a  well-defined  slope.  Figure  38  is  tiie  same 
plot  with  the  size  factor  (AGMA  method)  included  in  the  calculated  stress 
formula.  The  grouping  of  the  points  is  the  same  as  that  in  Figure  35 
but  at  a  lower  stress  level.  Figure  39  is  a  plot  of  the  calculated  stress 
by  the  AGMA  method  with  the  size  factor  included.  There  is  a  much 
greater  scatter  of  the  points  on  this  graph  and  a  less  sharply  defined 
slope.  In  addition,  the  calculated  stresses  are  much  lower  than  those 
shown  in  Figure  38. 

Figures  37,  40,  and  41  present  similar  S-N  diagrams  for  the  pulsing  test 
results.  Figure  37  is  a  plot  of  calculated  stress  by  the  new,  improved 
method  with  the  size  factor  omitted  vs  the  life  in  cycles.  Figure  40  is 
the  same  plot  with  the  size  factor  (AGMA  method)  included  in  the  calcu¬ 
lated  stress  formula.  The  grouping  of  the  points  is  the  same  as  that  in 
Figure  37  but  at  a  lower  stress  level.  Figure  41  is  a  plot  of  the  calcu¬ 
lated  stress  by  the  AGMA  method  with  the  size  factor  included.  The 
shape  of  the  S-N  diagram  in  this  last  case  differs  from  that  obtained  in 
Figures  37  and  40;  there  appears  to  be  less  scatter  of  the  points.  The 
apparent  difference  is  explained  in  the  next  section. 

TORQUE  VS  STRESS 

When  Figures  34  and  39  for  the  dynamic  tests  are  compared,  it  will  be 
seen  that  the  torque  and  stress  data  points  produce  identical  patterns. 
Only  the  value  of  the  ordinate  differs.  This  is  because  the  stress  is 
proportional  to  the  torque  with  the  AGMA  strength  formulas.  A  similar 
comparison  of  Figures  34  and  38  shows  that  the  patterns  are  not  Iden¬ 
tical.  This  is  due  to  the  fact  that  with  the  new,  improved  strength 
formulas  the  stress  is  no  longer  proportional  to  the  torque.  The  non¬ 
linear  increase  in  the  peak  root  stress  is  caused  by  a  shift  in  the  contact 
pattern  from  the  central  position  lengthwise  along  the  tooth  as  the  load 
changes.  The  amount  of  lengthwise  shift  is  a  function  of  the  gear  mount¬ 
ing  rigidity  and  the  tooth  geometry.  It  can  be  clearly  seen  that  there  is 
much  less  scatter  among  the  data  points  in  Figure  38  than  in  either 


Figure  34  or  Figure  39.  Only  one  geometric  variable  affected  the  test 
gears;  namely,  the  two  cullet  diameters.  This  demonstrates  quite  con¬ 
clusively  why  gear  performances  cannot  be  measured  by  the  load  alone. 
This  is  why  the  K-factor,  commonly  used  to  compare  and  rate  spur  and 
helical  gears,  is  a  very  Inadequate  tool  for  comparing  bevel  gear  designs. 

Similarly,  the  comparison  of  Figures  36  and  41  for  the  puleing  tests 
shows  identical  patterns  for  the  torque  and  stress  data  points.  This  is 
for  the  same  reason  explained  in  the  preceding  paragraph.  A  compari¬ 
son  of  Figures  36  and  40  shows  a  greater  scatter  of  the  data  points  when 
the  stresses  are  calculated  by  the  new,  improved  method.  This  can  be 
explained  primarily  by  the  fact  that  the  mounting  displacements  were 
aiiumed  to  be  the  same  on  the  pulser  as  in  the  dynamic  test  boxes. 

Since  no  deflection  teat  was  performed  on  the  pulser  mountings,  the  true 
displacements  are  not  known.  In  addition,  every  effort  was  made  to 
maintain  the  tooth  contact  in  the  same  position  on  the  tooth  for  all  pulser 
tests,  which  would  effectively  reduce  the  mounting  displacements  to  zero 
and  would  therefore  cause  the  actual  stresses  to  be  proportional  to  the 
applied  torque. 

R.  R.  MOORE  ANALYSIS 

Ideally,  the  calculated  gear  tooth  bending  stress  should  correlate  directly 
with  the  basic  strength  of  the  gear  material.  To  provide  a  basis  for  this 
correlation,  R.  R.  Moore  tests  were  performed  in  order  to  obtain  stress 
data  pertaining  to  the  material.  These  data  In  turn  were  modified  to 
reflect  the  differences  between  the  R.  R.  Moore  test  specimen  and  the 
gear  tooth  and  between  the  R.  R.  Moore  test  and  the  gear  tooth  action. 

Figure  42  provides  this  basis  for  reference.  It  is  an  R.  R.  Moore  S-N 
diagram  for  9310  vacuum-melt  steel  (AMS-6265),  the  material  used  in 
the  test  gears,  In  which  the  original  test  data,  Figure  44,  have  been 
modified  to  Incorporate  the  effects  of 

1.  Single -direct ion  bending  as  experienced  by  the  gear  tooth. 

2.  The  difference  in  surface  finish  of  the  gear  tooth  fillet  as 
comparsd  to  the  R.  R.  Moore  test  specimen. 

The  effects  of  temperature,  speed,  and  hardness  remained  constant  for 
the  duration  of  the  R.  R.  Moore  and  the  gear  testing. 


78 


The  true  elope  of  this  modified  S-N  curve  is  not  known  because  there 
were  no  failures  hslcv/  •  ^  v  in5  rwri*«  Knf  a r a 


a  sufficient  number  of  data  points  to  confidently  establish  the  basic 
endurance  limit  of  the  material. 


Effect  of  Single -Direction  Bending 

In  the  R.  R.  Moore  test,  the  specimens  are  beams  which  rotate  about 
their  longitudinal  axis  while  subjected  to  bending  in  a  plane  of  the  axis. 
Thus,  the  stress  at  any  point  on  the  surface  is  completely  reversed 
during  each  revolution  of  the  beam.  This  variation  of  stress  is  illus¬ 
trated  in  Figure  43a.  However,  the  loading  on  a  gear  tooth  is  in  a 
single  direction,  as  illustrated  in  Figure  43b.  To  provide  the  proper 
basis  of  comparison,  the  original  R.  R.  Moore  S-N  diagram  for 
reversed  bending,  Figure  44,  was  adjusted  for  single-direction  bend¬ 
ing  with  the  use  of  the  modified  Goodman  diagram.  Figure  45,  where 
the  maximum  stress,  the  ordinate,  is  compared  to  the  mean  stress, 
the  abscissa. 

A  value  of  335,  000  psi  was  used  as  the  ultimate  strength  of  the  material, 
Reference  23.  This  value  is  based  on  a  case  hardness  of  Rockwell  C  60, 
the  condition  of  the  tooth  surface  in  the  root  fillet  where  the  bending 
fatigue  failures  initiated. 

The  single-direction  line  in  Figure  45  was  drawn  from  the  origin  with  a 
slope  of  2  since  the  maximum  stress  is  twice  the  mean  stress  for  gear 
tooth  loading. 

The  steady- stress  line  in  the  same  figure  was  drawn  from  the  origin 
with  a  slope  of  1  to  the  ultimate -stress  point  of  335,  000  psi. 

The  stresses  at  points  X,  Y,  and  Z  on  the  ordinate  were  obtained  from 
the  original  R.  R.  Moore  reverse  bending  curve,  Figure  44,  which  has 
been  repeated  as  curve  Ci  in  Figure  46.  These  are  the  stress  values 
corresponding  to  life  in  cycles  of  10^  (200,000  psi),  10^  (165,000  psi), 
and  10'  (145,000  psi),  respectively. 

Three  straight  lines  representing  life  of  10®,  10^,  and  107  were  then 
drawn  from  points  X,  Y,  and  Z  to  the  ultimate-stress  point  (335;  335). 
The  intersection  of  these  cycle  lines  with  the  single-direction  line 
establishes  points  X1,  Y',  and  Z'  on  the  ordinate,  which  were  plotted 
in  Figure  46  as  curve  C2.  This  curve  represents  the  R.  R.  Moore 
data  modified  for  single -direction  bending. 
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Figure  43.  Diagram  Showing  Reverse  Bend'-g  (a)  and  Single-Direction  Bending  (b) 


Figure  44.  Bending  Stress  Vs  Life  in  Cycles  From  R.  R.  Moore  Tests  on  AJSI  931C 
Vacuum-Melt  Steel  Under  Reverse  Bending  on  a  Polished  Specimen. 


=  RJ?.KOORE  REVERSE 


Figure  46.  Bending  Stress  Vs  Life  in  Cycles  From  the  R.  R.  Moore  Analysis 


Surface -Finish  Effect 
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It  has  been  recognized  that  fatigue  life  it  affected  by  the  surface  finlth 
of  the  (treated  area.  In  thia  cate,  the  R.  R.  Moore  tpeciment  were 
poliahed,  whereat  the  gear  tooth  aurfacet  were  ground.  The  allowable 
atreaa  for  a  ground  aurface  ia  eatlmated  to  be  95  percent  of  the  allow¬ 
able  atreaa  determined  for  a  poliahed  aurface. 

Other  Effecta 


While  it  ia  recognized  that  variatlona  in  temperature,  apeed,  and  hard¬ 
ness  have  an  effect  on  fatigue  life,  theae  factora  were  cloaely  controlled 
during  the  manufacture  and  the  testa  and  are  considered  to  be  constant. 
Therefore, these  factors  had  no  effect  on  the  test  data,  and  their  value 
was  set  at  unity  in  this  analysis. 

Final  Streae-Cycle  Diagram 

The  resulting  R.  R.  Moore  S-N  curve  ia  plotted  aa  curve  C3  in  Figure  46. 
It  ia  obtained  by  applying  the  surface-finish  effect,  0.  95,  to  the  allowable 
stress  curve  C2. 

Curve  C3  ia  the  final  S-N  curve  and  represents  the  value  of  mean  perform¬ 
ance;  i.  e. ,  for  any  stress  value  on  this  curve,  50%  of  the  parts  will  have 
failed  at  the  corresponding  life.  It  ia  duplicated  aa  Figure  42,  the  baals 
of  reference  of  the  gear  tooth  material.  From  thia  curve  a  mean  allow¬ 
able  stress  for  the  test  material,  AISI  9310  vacuum-melt  steel  (\MS- 
6265),  was  established  at  192,  000  psi. 

COMPARISON  OF  R.  R.  MOORE  AND  DYNAMIC  TESTS 


In  Table  VIII  the  mean  allowable  stress  from  the  R.  R.  Moore  testa  is 
192,  000  psi,  Figure  42,  and  the  mean  working  stress  at  the  endurance 
limit  will  also  be  192,  000  pai.  For  the  dynamic  tests,  Figure  35,  the 
mean  working  stress  at  the  endurance  limit  ia  156,000  psi.  However, 
the  mean  allowable  stress  for  the  teat  gears  must  be  calculated  using 
equation  (5).  It  is  rewritten  here  in  a  form  for  direct  solution: 

uat  =  »w  KTKRKS  (5a) 


where  a w  =  working  atress,  pai 


=  temperature  factor 
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TABLE  VIII.  ALLOWABLE  STRESS  V3  WORKING  STRESS 
FOR  AISI  9310  VACUUM-MELT  STEEL 


1 . — - _ . -  .  = - - - H 

Allowable  Stress(psi) 

Working  Stress(psi) 

Specimen 

Mean 

Design  Limit 

Mean 

Design  Limit 

R.  R.  Moore* 

192,000 

160,000 

192, 000 

160,000 

Dynamic  Test 
Gears** 

221, 000 

160,000 

156, 000 

115,  000 

Pulsing  Test 
Gears** 

275, 000 

- 

194,  000 

- 

♦Mean  allowable  stress  corrected  for  single -direction  bending  and 
surface-finish  effects.  Values  taken  from  Figure  42. 

♦♦Values  for  working  stress  taken  from  Figures  35  and  37. 
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Kj:._  =  factor  of  aafety 
Kg  -  size  factor 

The  temperature  factor  and  factor  of  safety  are  both  equal  to  1.0  for  the 
dynamic  tests.  The  size  factor  for  the  test  gears  from  equation  (3)  Is 
1.42,  Substituting  in  the  above  equation, 

sit  =  156,000  (1.0)  (1.0)  (1.42)  »  221,000  pal  mean 
allowable  stress 

It  will  be  noted  that  this  value  la  somewhat  above  the  value  obtained  from 
the  R.  R.  Moore  tests,  but  shows  reasonable  correlation  between  the 
new  strength  formulas  and  the  actual  stresses  in  the  gear  teeth.  The 
difference  may  be  partially  due  to  the  small  size  of  the  R.  R.  Moore 
specimens. 

COMPARISON  OF  R.  R.  MOORE  AND  PULSING  TESTS 

The  mean  working  stress  for  the  pulsing  tests,  Figure  37,  is  194,000 
pel.  Since  the  temperature  factor,  factor  of  safety,  and  siae  factor 
for  the  pulsing  tests  are  identical  with  the  dynamic  tests  using  equation 
(5a), 


sat  =  194,000  (1.0)  (1.0)  (1.42)  *  275,000  psi  mean 
allowable  stress 

It  will  be  noted  that  this  value  is  approximately  45  percent  higher  than 
the  R.  R.  Moore  or  dynamic  test  values  for  mean  allowable  stress. 

The  explanations  for  the  higher  calculated  stresses  for  the  pulsing 
tests  are  given  as  follows: 

1.  The  gear  and  pinion  were  positioned  in  the  puleer  to  produce  a 
line  of  contact  between  the  gear  and  mating  pinion,  which  was 
assumed  to  duplicate  the  position  of  the  load  in  the  dynamic 
teste  when  the  root  stress  would  be  a  maximum.  It  is  probable 
th&i  the  load  position  selected  did  not  produce  the  corresponding 
maximum  bending  stress  in  the  root  of  the  pulser  gears.  Thus, 
the  calculated  stress  was  undoubtedly  higher  than  the  actual 
stress. 

2.  The  calculation  of  bending  stress  includes  a  dynamic  factor. 

For  both  the  dynamic  tests  and  the  pulsing  tests  a  value  of  unity 
was  used  for  the  dynamic  factor.  Although  it  was  assumed  that 
the  dynamic  effects  were  negligible  on  the  dynamic  teats,  this 
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can  be  proven  only  by  running  more  extensive  tests  on  the  puleer 
with  the  position  of  the  load  varied  to  produce  the  maximum  static 
root  stress  in  the  teeth. 

EFFECT  OF  CUTTER  DIAMETER 


It  was  previously  pointed  out  that  when  running  the  dynamic  tests  on  the 
12-inch  and  7-1 /2-inch  cutter  diameter  designs,  Figure  34,  there  was 
a  pronounced  difference  in  life  between  the  two  designs.  With  the  present 
AGMA  formulas,  there  is  no  difference  between  the  stresses  for  the 
12-inch  and  the  7-1  /2-inch  cutter  diameter  designs.  Figure  39.  But 
because  the  life  of  the  7-1 /2-inch  design  greatly  exceeds  the  life  of  the 
12-inch  design,  it  should  be  concluded  that  the  stresses  in  the  two  designs 
should  not  be  equal. 

Figure  47  is  a  replot  of  Figure  35  showing  only  the  comparative  tests 
between  the  two  cutter  diameter  designs  at  the  two  upper  load  levels. 

Also  shown  in  Figure  47  are  the  mean  lines  for  the  two  designs.  It 
should  be  apparent  that  with  this  new,  improved  method  of  stress  calcu¬ 
lation,  the  difference  in  stresses  between  the  7-1/2-lnch  and  12-inch 
cutter  diameter  designs  has  reaulted  in  bringing  the  two  mean  lines 
nearly  into  coincidence.  For  the  first  time,  the  effect  of  cutter  diameter 
on  gear  tooth  stress  has  been  successfully  incorporated  in  a  bevel  gear 
strength  formula. 

ENDURANCE  LIMIT  FOR  AISI  9310  VACUUM-MELT  STEEL 


From  Table  VIII  it  can  be  seen  that  the  mean  working  stress  for  the 
dynamic  test  gears  la  156,000  psl.  From  Figure  35  a  design  working 
stress  of  115,  000  psi  has  been  established.  It  is  now  necessary  to 
relate  this  design  working  stress  to  a  design  allowable  stress.  The  same 
procedure  that  was  used  to  relate  the  mean  working  stress  to  the  mean 
allowable  stress  can  be  used.  Again,  equation  (  5a)  will  be  used  with  the 
temperature  factor  and  factor  of  safety  equal  to  1.0,  and  the  size  factor 
equal  to  1.42.  Then, 

sat  =  115,000  (1.0)  (1.0)  (1.42)  =  163,000  psi  design 
allowable  itress 


In  Table  VIII  this  value  has  been  rounded  to  160,  000  psi.  This,then,ls 
the  endurance  limit  for  AISI  9310  vacuum-melt  steel. 


MEAN  LINE  - 

-INCH  CUTTER 


aparison  of  the  7-1 /2-Inch  and  12-Inch  Cutter  Diameter 
r  Designs  at  Load  Levels  I  and  II,  as  in  Figure  35. 


Dynamic  fatigue  feet  dal*  «ccumai«ted  by  the  contractor  prior  to  the 
initiation  of  this  project  are  plotted  in  Figure  48  using  the  new,  improved 
strength  formulas.  Figure  49  shows  a  plot  of  the  same  data  using  the 
AGMA  strength  formulas.  In  both  cases  the  scatter  of  points  is  consid¬ 
erable.  There  appears  to  be  little  choice  between  the  two  methods. 

There  is  one  fhirly  apparent  reason  for  the  wide  scatter  shown  by  the 
new  formulas  using  these  previous  data.  These  formulas  are  based  on 
a  reasonably  precise  knowledge  of  the  gear  displacements  under  load. 
These  gear  displacement  data  were  not  available  for  these  earlier  tests. 
Therefore,  the  displacements  were  based  on  the  approximate  formulas 
contained  in  the  computer  program.  Also,  less  attention  was  paid  to 
control  of'Vmriables  in  many  of  the  prior  tests.  For  these  reasons, 
these  data  have  limited  usefulness. 

ENDURANCE  LIMET  FOR  AIR-MELT  STEEL 

The  data  plotted  in  Flguru  48  are  for  gears  made  from  air-melt  steel. 

A  line  representing  the  design  limit  for  this  material  is  included.  The 
design  working  stress  is  approximately  45,  000  psi,  based  on  the  stresses 
having  been  corrected  for  a  1-DP  gear.  This  means  that  with  the  new 
method,  a  else  factor  of  2.0  must  be  used.  Assuming  a  temperature 
factor  and  a  factor  of  safety  each  equal  to  1.0,  the  design  allowable 
stress  can  be  solved  using  equation  (5a): 

sat  =  45,  000  (1.  0)  (1.  0}  (2.  0)  s  90,  000  psi  design 
allowable  stress 

This,  then,  is  the  endurance  limit  for  air-melt  steel  when  used  with  the 
new,  improved  strength  formulas.  However,  as  pointed  out  in  a  preced¬ 
ing  paragraph,  the  data  for  air-melt  steel  are  not  as  well  defined,  and, 
therefore,  this  value  of  90,000  psi  may  be  on  the  low  side. 

By  comparing  this  value  with  the  value  of  160,  000  psi  obtained  for 
AISI  9310  vacuum-melt  steel,  it  can  be  seen  that  the  vacuum- melt  steel 
gives  a  78  percent  increase  in  strength  over  the  present  design  limit 
for  normal  air-melt  gear  steels.  This  is  a  significant  improvement. 

SLOPE  OF  THE  S-N  DIAGRAMS 

In  all  three  series  of  tests,  an  attempt  was  made  to  determine  the  slope 
of  the  S-N  diagrams. 


Calculated  Bending  Stress  Vs  Life  in  Cycles  for  Results  of  Previous  Dynamic  Tests 
Using  the  New,  Improved  Strength  Formulas  With  the  Old  Size  Factor  Included. 


Figure  49.  Calculated  Bending  Stress  Vs  Life  in  Cycles  for  Results  of  Previous  Dynamic 
Tests  Using  the  AGMA  Strength  Formulas  With  the  Old  Size  Factor  Included. 


For  the  R.  R.  Moore  specimens  It  wt»  Hifffriii.t  to  obtain  a  reliable  S-N 
diagram  due  to  the  limitations  of  the  test  equipment.  With  the  specimen 
size  used  for  these  tests,  the  peak  stress  that  could  be  attained  was 
approximately  170,  000  psi.  This  is  not  too  far  above  the  endurance 
limit  of  145,000  psi,  Figure  44.  For  this  reason,  the  portion  of  the  S-N 
diagram  below  3  x  10s  cycles  cannot  be  defined  from  the  test  data,  and 
the  portion  between  3  x  10®  cycles  and  3  x  10"  cycles  is  not  well  defined 
from  the  data  because  of  the  relatively  wide  scatter  in  the  results. 
Therefore,  the  slope  of  the  S-N  diagram  is  unknown. 

For  the  dynamic  gear  tests,  Figure  35,  the  mean  slope  is  shown  extend- 
ing  from  10*  cycles  to  approximately  5  x  10"  cycles.  This  line  has  a 
slope  of  approximately  8.  5.  By  statistical  means,  using  log-normal, 
Weibull,  and  Weibull-hazard  techniques,  a  1 -percent  line  was  established. 
This  line  has  a  slope  of  approximately  6.6. 


For  the  pulsing  gear  tests,  Figure  37,  the  mean  slope  is  shown  extending 
from  1.7  x  10*  cycles  to  approximately  10^  cycles.  This  line  has  a 
slope  of  approximately  10.  3,  which  is  somewhat  flatter  than  the  mean 
slope  obtained  during  the  dynamic  tests. 


PEAK  STRESS 


Up  to  this  point  the  emphasis  in  this  analysis  has  been  on  the  endurance 
limit  for  the  gear  material.  However,  a  look  at  the  peak  stress  should 
be  taken  to  determine  whether  the  values  are  reasonable. 

For  the  R.  R.  Moore  specimens,  it  was  not  possible  on  the  existing  test 
equipment  to  perform  tests  at  the  very  high  stress  levels.  In  fact,  very 
few  tests  were  performed  above  the  endurance  limit.  For  this  reason, 
the  value  of  the  peak  stress  was  not  obtained. 

For  the  dynamic  gear  tests,  Figure  35,  gears  were  operated  at  stress 
levels  as  high  as  275,  000  psi.  Projecting  the  line  representing  the  mean 
slope  to  a  life  of  10*  cycles  produces  a  stress  value  of  325,  000  psi. 

This  is  in  close  agreement  with  the  established  value  for  this  material 
of  335,  000  psi,  Reference  23. 

For  the  pulsing  tests,  Figure  37,  the  plotted  points  appear  to  level  off 
at  an  upper  limit  of  approximately  300,  000  psi.  This  level  is  reached 
at  a  life  of  approximately  2  x  10*  cycles.  Agreement  between  this  value 
for  peak  stress  and  the  value  of  325,  000  psi  obtained  on  the  dynamic 
tests  is  quite  reasonable.  It  might  be  argued  that  as  the  load  level 
increases  on  the  gears,  the  correlation  between  the  dynamic  results  and 
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the  pulsing  results  converges.  This  is  not  surprising,  since  at  the  higher 
loads  the  contact  will  tend  to  spread  out,  thereby  tending  to  equalize  the 
stresses  along  the  tooth  root. 

An  interesting  observation  can  be  made  concerning  the  size  factor  at  tho 
peak  stress.  At  the  endurance  limit,  the  mean  allowable  stress  for  the 
test  gears  did  not  agree  with  the  mean  allowable  stress  for  the  R.  R. 

Moore  tests  until  the  size  factor  was  introduced.  However,  at  the  peak  , 

stress,  the  mean  allowable  stress  for  both  the  pulsing  tests,  Figure  37, 
and  the  dynamic  tests,  Figure  35,  was  in  close  agreement  with  the 
established  value  of  the  material  strength  without  introducing  a  size 
factor.  Between  the  endurance  limit  and  the  peak  stress  it  appears  i 

that  there  may  be  a  variation  in  the  size  factor,  which  has  not  been 
considered  in  the  computer  program.  Since  most  designs  are  based 
on  the  endurance  limit,  this  omission  In  the  computer  program  should 
not  cause  any  inconvenience, 

VALIDATION  OF  NEW  STRENGTH  FORMULA 

This  section  of  the  report  has  attempted  to  substantiate  the  validity  of  the 
stress  values  obtained  when  using  the  new,  Improved  strength  formulas. 

It  has  been  shown  that 

1.  Torque  vs  life  is  not  a  satisfactory  criterion  for  design. 

2.  Since  with  the  AGMA  method  stress  Is  proportional  to  torque, 
the  AGMA  method  Is  not  a  completely  s  itlsfactory  criterion 
for  design. 

3.  The  effect  of  cutter  diameter  on  gear  tooth  strength  is  accounted 
for  by  the  new,  improved  formulas  for  the  first  time. 

4.  The  stress  values  resulting  from  the  new  formulas  are  In 

close  agreement  with  the  basic  material  strength,  both  at  * 

peak  loads  and  at  the  endurance  limit. 
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COMPUTER  PROGRAM 


One  of  the  principal  purpose*  of  thl*  project  was  to  derive  improved 
formulae  for  predicting  the  etrength  of  bevel  gears  and  to  furnish  a 
useable  computer  program  which  would  enable  a  gear  designer  to 
effectively  design  hlgh-capaclty  gear  sets. 

In  a  previous  section  of  this  report,  a  review  has  been  made  of  new 
formulas  that  have  been  derived  for  load  distribution  factor,  effective 
face  width,  and  alee  factor.  These  formulas  have  been  compiled  Into  a 
computer  program  that  will  calculate  the  stresses  In  bevel  gear  teeth. 

STRESS  FORMULA  DOCUMENTATION 

The  complete  set  of  formulas  required  for  calculating  the  stresses  In  a 
bevel  gear  tooth  comprises  a  rather  lengthy  Hat.  These  formulas  are 
documented  In  Appendix  V  along  with  a  complete  list  of  the  letter  symbols, 
FORTRAN  symbols,  and  description  of  each.  All  formulas  are  written 
In  terms  of  the  letter  symbols. 

Basically  the  formulas  contained  In  this  report  Include  all  of  the  neces- 
sary  Items  to  calculate  the  geometry  factor  and  the  load  distribution 
factor.  These  are  the  two  major  terms  In  equation  (4)  for  banding  stress. 
Other  terms  appearing  In  this  formula  are  either  given  or  assumed  and 
must  be  supplied  as  Lnput  to  the  program.  These  other  terms  Include  the 
load,  the  factors  for  dynamic  effects  resulting  from  gear  Inaccuracies 
or  from  external  causes,  and  the  dimensions  defining  the  else  of  the  gears, 

Finally,  the  formulas  Include  the  complete  equations  for  bending  stresses 
In  gear  and  mating  pinion  and  the  equation  for  working  stress. 

INPUT -OUTPUT  DATA 

The  Input  data  to  the  program  and  the  output  results  from  the  program 
are  explained  In  detail  In  Appendix  VI. 

Input  Data 

The  Input  data  are  contained  on  six  standard  80-column  cards.  These  In- 
<  lude  the  basic  design  parameters,  the  tooth  proportions,  the  cutter 
specifications,  the  load  data  and  other  factors  concerning  the  quality 
of  the  gears,  the  suitability  of  the  gear  mountings,  and  the  dynamic  effects 
resulting  from  the  nature  of  the  external  loads  applied  to  the  gears. 
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Output  Data 


The  output  Hating  Includes  all  of  the  input  Items  to  the  program  plus  the 
useful  output  results  from  the  program.  In  addition  to  the  calculated 
bending  stresses  and  working  stress,  the  output  includes  such  items  as 
the  geometry  factors,  the  strength  factors,  the  load  distribution  factors, 
the  contact  ratios,  the  load  sharing  ratio,  and  certain  additional  gear 
dimensions  and  (assumed  or  given)  mounting  displacements  due  to  deflec 
tlons  under  load. 

PROGRAM  LISTING 


The  complete  FORTRAN  IV  program  tisting  is  given  in  Appendix  VI. 
This  includes  the  listing  of  all  special  subroutines  used  in  the  program. 
It  is  based  on  the  formulas  documented  in  Appendix  V,  where  an 
explanation  of  the  FORTRAN  symbolo  is  given. 

Operating  Instructions 

Operating  Instructions  include  a  list  of  program  stops  and  the  possible 
causes  and  cures  for  each. 


CONCLUSIONS 

This  program  haa  resulted  in  the  following  conclueiona: 

1.  A  new,  Improved  method  for  the  etreee  determination  of  bevel 
geare,  which  la  a  modified  form  of  AGMA  Standarda  222.  02 
and  223.  01,  was  found  to  provide  better  correlation  with  actual 
gear  teate  and  with  the  baalc  atrength  of  the  material.  This 
modified  form  conaiata  of  improved  formulae  for  the  effective 
face  width  and  load  diatribution  factor,  and  the  transfer  of  the 
size  factor  from  the  equation  for  calculated  stress  to  the 
equation  for  working  stress. 

1.  The  basic  material  strength  curve  for  carburized  AMS-626 5 
was  established  by  R.  R.  Moore  specimens.  The  strength 
curve  correlates  closely  with  the  stresses  calculated  by  the 
new,  improved  bending  strength  formulas  for  gear  teeth  when 
appropriately  modified  by  factors  for  reverse  bending  and 
surface  finish. 

3.  A  design  S-N  curve  for  AMS-6265  was  established  based  on 
dynamic  fatigue  tests  on  spiral  bevel  gears.  For  design  pur- 
poses, an  endurance- limit  stress  of  160,  000  pal  was  established 
for  this  carburized  vacuum-melt  steel. 

4.  An  improved  formula  for  effective  face  width  was  developed, 
which  is  based  on  an  extensive  previous  study  of  the  strain 
distribution  in  the  root  fillet  of  a  gear  tooth  along  its  entire 
length  under  many  different  positions  and  lengths  of  the  line 
of  contact,  and  under  uniform,  elliptical,  and  parabolic  load 
distributions. 

5.  The  correction  factor  for  locating  the  position  of  the  point  of 
load  application  has  been  modified  to  place  the  load  nearer  the 
center  of  the  instantaneous  line  of  contact.  This  change  results 
in  increased  accuracy  of  the  resulting  stresses  and  in  an 
improved  strength  balance  between  gear  and  mating  pinion. 

6.  An  improved  formula  for  the  load  distribution  factor  was 
derived  based  on  theoretical  and  experimental  studies  of 
the  behavior  of  root  fillet  stresses  under  various  concen¬ 
trations  of  load.  The  effect  of  tooth  contact  shift  on  a  bevel 


7.  A  new  formula  for  size  factor  has  been  introduced  in  the 
equation  for  working  stress.  This  Is  theoretically  where 
the  size  factor  should  appear  in  the  design  formulas  rather 
than  in  the  equation  for  calculated  stress. 

8.  The  most  significant  finding  resulting  from  this  program  is 
the  pronounced  effect  of  lengthwise  tooth  curvature  (cutter 
diameter)  on  gear  tooth  strength.  This  effect  is  introduced 
into  the  gear  tooth  strength  formulas  through  the  adjustability- 
coefficients,  which  are  used  in  determining  the  load  distri¬ 
bution  factor.  A  cutter  diameter  approximately  equal  to 
twice  the  outer  cone  distance  times  the  sine  of  the  spiral 
angle  was  found  to  produce  a  significant  improvement  over 
the  "standard"  cutter  diameter,  which  is  approximately 
equal  to  twice  the  outer  cone  distance. 

9.  A  workable  computer  program  is  Included  for  the  use  of  the 
gear  designer.  This  will  provide  pertinent  gear  design 
information  for  intelligently  selecting  the  correct  bevel 
gears  for  a  given  application. 


i 
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GEAR  MANUFACTURING  DATA 

Table  IX  Summary  of  Calculated  Tooth  Streeeee  for  Pulser  Gear* 

Table  X  Heat-Treatment  Batch  Groupinge 
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Table  XII  Inspection  Record  of  Gears 
Table  XIII  Raw  Material  Examination  Records 

Table  XIV  Inspection  Records  for  R.  R.  Moore  Fatigue  Specimens 
Pinion  Drawing  for  7-1 /2-Inch  Cutter  Diameter  Teat  Gearset 
Pinion  Drawing  for  12-Inch  Cutter  Diameter  Test  Gearset 
Pinion  Drawing  for  12 -Inch  Cutter  Diameter  Pulser  Gearset 
Gear  Drawing  for  7-1/2-Inch  Cutter  Diameter  Test  Gearset 
Gear  Drawing  for  12-Inch  Cutter  Diameter  Test  Gearset 
Test  Gear  Routing  Sheets 
Test  Pinion  Routing  Sheets 
Ground  Spiral  Bevel  Summary  for  7-1 /2-Inch  Cutter  Diameter  Test  Gears 
Ground  Spiral  Bevel  Summary  for  12-Inch  Cutter  Diameter  Test  Gears 
Drawing  for  R,  R.  Moore  Test  Specimens 
R.  R.  Moore  Specimen  Routing  Sheet 


mam*.  M  »mm  «**%  r  it  •»  /N  rs  <*-«  A  *  <"»  T  T  t  A  m  T~*  rr*  rv^^TT  T  C* “ T>  “  C  C“  O  lb 

i  .*VD  i-Jll  i  A,  OUlVJ.iVi.rVCV  I  U£  VjALV  UJjAJ  JU.A-'  XV/W4.XA  ^XiVX-UWiJU- 

FOR  PULSER  GEARS  


Baaed  on  Static  Loading 
Dimension  Sheet  No.  139.  887AB  (Fig.  1) 


Teat 

Number 

Member 

Torque 
(in.  -lb) 

Calculated 

Bending 

Streaa 

(pai) 

Calculated 

Compreaaive 

Streaa 

(pal) 

4 

Pinion 

20,000 

66,000 

316,000 

Gear 

60,000 

66, 100 

- 

5 

Pinion 

23,000 

75,900 

339, 100 

Gear 

69,000 

76,000 

- 

6.8 

Pinion 

24, 500 

80,800 

349,800 

Gear 

73, 500 

81,000 

- 

24 

Pinion 

25,500 

84,100 

356,900 

Gear 

76,500 

84,300 

- 

23 

Pinion 

26,500 

87,400 

363,900 

Gear 

79,500 

87,600 

- 

3 

Pinion 

26,700 

88,000 

365,000 

Gear 

80,000 

88, 100 

- 

9 

Pinion 

33,300 

109,900 

407,900 

Gear 

99,  900 

110,100 

- 

1,2 

Pinion 

33,300 

110,000 

408,000 

Gear 

100,000 

110,200 

- 

10.11 

Pinion 

34, 500 

113,800 

415, 300 

Gear 

103,500 

114,100 

- 

12, 13, 14 

Pinion 

37,000 

122,100 

430,000 

Gear 

1 1 1 , 000 

122,300 

- 

15 

Pinion 

38,500 

127,000 

438,500 

Gear 

115,500 

127,300 

- 

16 

Pinion 

40,000 

132,000 

447,000 

Gear 

120,000 

132,200 

- 

19 

Pinion 

43,000 

141,900 

463,500 

Gear 

129,000 

142,200 

- 

17,18,20,22 

Pinion 

45,000 

148,500 

474,000 

Gear 

135,000 

148,800 

- 

21 

Pinion 

50,000 

165,000 

499,700 

Gear 

150,000 

165,300 

- 

♦Calculated  atreaaea  in  above  table  are  baaed  on  preaent  AGMA 
formulae. 


TABLE  X.  HEAT-TREATMENT  BATCH  GROUPING 


Carburising  |  Quenching 
Group 


erial 
Number 


108  -  110 
126, 127 

130  -  132,  134  -  136 


103  -  107 
161,169 
170,  171,  178 


119  -  132 
137,  139 
141, 144-147 


112,114,  115,117,118 
165 

172,173,179,180 


1,  3,4,6  -  10,  12 
14,15,17  -  22 
61,62 
69  -  73 


26, 27,  30  -  32,  34  -  37, 
39,41,44  -  47 
65 

78  -  80 


Part 
Numbe  r 


139887-P 


139898-P 


139887-P 


139898-P 


TABLE  XI.  INSPECTION  RECORj 


Pitch 

Variation 

Eccentricity 

(Runout) 

Fillet  Radiu 

Serial 

Convex 

Concave 

Convex 

Concave 

Convex 

Con 

Number 

Side 

Side 

Side 

Side 

Side 

Si 

8 

.  00015 

Pill 

.  0006 

.  0006 

.  050 

' 

12 

.  00011 

.0006 

.0006 

.  d 

3 

.  00038 

f  1 

.  0005 

.  0008 

.  045 

.  a 

21 

.  00015 

. 00C05 

.0005 

.  0009 

.  040 

.  o| 

34 

.  00019 

. 00009 

.0007 

.0009 

.  d 

26 

.  00015 

. 00010 

.  0005 

.0004 

.  045 

.  oi 

37 

.  00010 

.  00013 

.  0010 

.  0006 

.  040 

.0 

41 

.  00015 

. 00008 

.  0006 

.  0006 

.  045 

UK 

.  00018 

.  0005 

.  040 

KHEJ 

S9 

.  00010 

. 00014 

.  0005 

.  0006 

mSM 

•  o| 

79 

.  00012 

.  00015 

.  0005 

.  0006 

KS 

.  o' 

71 

.  00017 

.  00011 

.0005 

.  0006 

.  040 

.  0 

6 

.  00011 

.  00012 

.  0003 

.  0006 

.  050 

.0 

9 

.  00019 

.  00010 

.0005 

.  0007 

.  040 

.  0 

35 

. 00008 

.  00014 

.  0006 

.  0008 

.  050 

.  0 

17 

.  00013 

.  00007 

.  0010 

.  0007 

.  045 

.  oi 

20 

.  00018 

.00009 

.  0006 

.  0006 

.  040 

.  0 

27 

.  00006 

.  00009 

.0006 

.  0007 

.  045 

.  0 

46 

. 00025 

.  00008 

.  0003 

.  0004 

.  050 

.  0 

45 

,  00013 

.  00014 

.0004 

.  0006 

.  050 

• 

69 

.  d 

70 

.  00012 

.  00005 

.0006 

.  0005 

.  040 

.  0 

73 

.  00011 

.  00016 

0007 

.  0006 

.  040 

.  0 

80 

.  00010 

.  00016 

.0005 

.  0004 

.  040 

INSPECTION  RECORD  OF  PINIONS 


Sottom  Grind  Stoc 
Fillet  Radius  by  Blank  Checker 

Depth  Check 

Total 

Convex  Concave  Before  After  Grind 

Side  Side  Grind  Grind  Stock 


toe 

onEach  Side  of 
Tooth 


After  After 
Grind  Grind 

Before  Convex  Concave  Convex  Concave 
Grind  Side  Side  Side  Side 


6 
6 

.0008 
.0009 
i.  0009 
;.0004 
.0006 
i.  0006 


5 


6 
7 

.  0008 
.  0007 
.  0006 


.  0007 

.045 

.  0004 

.050 

.  0006 

.050 

.  0005 

.040 

.0006 

.040 

.0004 

.  040 

+  .  002 
+  .  004 
+  .  003 
+  .  002 
+  .  005 
+  .  003 


3 
3 

.  000 
-.003  .007 
+  .002  .001 
+  .001  .001 
.000  .005 

. 000  .  003 


379  .  367 


.  .  000 

-.  003 

19 

.  366 

.  363 

.  006 

.003 

+  .  002 

.  000 

■css 

WLWm 

.  368 

.  362 

.004 

.006 

+  .  001 

.  000 

.  001 

.  372 

.  366 

.  364 

.  006 

.  002 

+  .  001 

.  000 

.  001 

.  373 

.  367 

.  363 

.  006 

.  004 

+  .  001 

-.001 

.  002 

.  373 

.  366 

.  362 

.  007 

.004 

+  .  003 

.  000 

.  003 

.  373 

.  363 

.  360 

.  010 

.003 

+  .  001 

+  .001 

.  000 

.  373 

.  366 

.  366 

.  007 

.000 

+  .  002 

.000 

.002 

.  375 

.  366 

.  364 

.009 

.00  2 

TABLE  XI  -  Continued 


Pitch 

Variation 

Eccentricity 

(Runout) 

Fillet  Radiu^ 

Load 

Part 

Serial 

Convex 

Concave 

Convex 

Concave 

Convex 

Cone 

Level 

Number 

Numbe  r 

Side 

Side 

Side 

Side 

Side 

Sid 

III 

139887-P 

7 

.  00011 

.  00012 

.  0005 

.  0008 

.  0 

31 

. 00005 

. 00009 

.  0004 

.  0007 

. 

.  0 

18 

. 00012 

. 00007 

.  0008 

.  0008 

.  0 

22 

,  00031 

.  00012 

.  0005 

.  0008 

.  0 

36 

,  00010 

. 00008 

.  0005 

.  0008 

.  0 

32 

.  00006 

.  00012 

,  0005 

.  0010 

.  0 

. 

39 

, 00012 

. 00009 

.  0005 

.  0008 

.  O' 

47 

.  00017 

.  00010 

.0005 

.  0008 

.050 

.  o. 

IV 

139887-P 

1 

.  00011 

.  00010 

.  0004 

.  0006 

.  050 

.  0 

19 

. 00008 

.  00015 

.  0006 

.  0007 

.  050 

.  0 

4 

. 00025 

.  00010 

.  0006 

.  0010 

.  050 

.  0 

10 

•  . 00038 

. 00007 

.0006 

.  0007 

.  040 

.  0 

14 

. 00010 

.  00010 

.  0007 

.  0010 

.  045 

.  0 

15 

.  00016 

.  00008 

.  0004 

.  0006 

.045 

.  0 

30 

. 00024 

.  00014 

.  0007 

.  0010 

.040 

.  0 

44 

. 00015 

. 00009 

.  0005 

.  0004 

.  045 

.  0 

Pulser 

139887-PP 

61 

.  00011 

.  00012 

.0006 

.  0007 

■ 

■ 

62 

.  00013 

.  00006 

.  0005 

.  0004 

■or 

65 

.  00012 

.  00005 

.0006 

.  0005 

.050 

■E 

□ 

All  measurements  in  inches, 

Part  Numbers  139887-P  and  139887-PP  (12"  DC) 
Part  Number  139898-P  <7.  5"  DC) 


'ABLE  XI  -  Continued 


:ity 

) 

Fillet  Radius 

oncave 

Convex 

Concave 

Side 

Side 

Side 

0008 

.  040 

.  040 

.  040 

.  040 

0008 

.045 

.  040 

0008 

.  045 

.  040 

0008 

.040 

.  040 

0010 

.  050 

.  040 

0008 

.050 

.  040 

0008 

.050 

.  040 

nil 

IfTi 


Bottom  Grind  Stock 
by  Blank  Checker 


Depth  Check  _ 

Total 

Before  After  Grind 
Grind  Grind  Stock 


+  .002 
+  .  004 
+  .  004 
+  .  003 
.  000 
+  .  002 
.  000 
+  .001 


+  .  001 
-.  001 
-.  004 
+  .  001 
.  000 
+  .  001 
.  000 
+  .  001 


Tooth  Thickness 
at  Midface 


.  050 

.  040 

+  .  003 

-.  001 

HTTh 

.  375 

.  040 

.  040 

+  .  003 

+  .  001 

.  002 

.  374 

.045 

.  040 

+  .  001 

-.  005 

.  006 

.  373 

.  045 

.040 

+  .  003 

+  .  002 

.  001 

.  375 

.040 

.  040 

+  .  001 

.  000 

.001 

.  372 

.045 

.  040 

+  .  001 

+  .  001 

.  000 

.  373 

.050 

.040 

+  .  003 

-.  003 

■ 

.  369 

.050 

.  040 

+  .  004 

-.  003 

.  370 

.050 

.040 

+  .  003 

-.  002 

.  005 

.  369 

After 

After 

Grind 

Grind 

Convex  Concave 

Side 

Side 

.  368 

.  363 

.  365 

.  364 

.  364 

.  360 

.368 

.  365 

.  368 

.  363 

.  362 

.362 

.  368 

.  363 

.365 

.  362 

.  367 

.  363 

.  367 

.362 

.  365 

.  362 

.365 

.  362 

.  365 

.  360 

.  368 

.364 

.  365 

.  362 

.  364 

.  362 

.  365 

.363 

.  366 

.  363 

.  366 

.  363 

Grind  Stock 
on  Each  Side  of 
Tooth 


I 


TABLE  XII.  INSPECTION  RECCK 


Pitch 

j 

Variation 

Fillet 

Radij 

Load 

Part 

Serial 

Concave 

Convex 

Eccentricity 

Concave 

Ci 

Level 

Number 

Number 

Side 

Side 

(Runout) 

Side 

a 

I 

139887 -G 

108 

. 00018 

.  0006 

.  080 

1 

112 

.  0010 

.  080 

i 

103 

.  0005 

.  080 

« 

121 

. 00006 

. 00018 

.  0006 

.  080 

134 

. 00012 

.  0007 

.  085 

1 

4 

126 

. 00016 

.  00014 

.  0006 

.  080 

137 

. 00015 

. 00017 

.  0005 

.  080 

4 

141 

. 00018 

.  00016 

,  0004 

.  080 

j 

139898-G 

■n 

. 00020 

n 

. 00016 

. 00020 

■ 

.  080 

179 

. 00020 

.  00015 

.0003 

.  080 

171 

. 00025 

.  00018 

.0005 

.  075 

II 

13988  7 -G 

WM 

.  00012 

.  00015 

■1 

mfim 

. 00012 

. 00005 

.  0005 

$BB 

. 00017 

.  00013 

.  0006 

wMm 

. 00017 

.  00005 

.  0007 

120 

.  00013 

.  00014 

.  0007 

127 

. 00024 

.  00016 

.  0005 

mEB 

146 

. 00018 

.  00017 

.  0006 

.  080 

145 

.  00012 

.  00013 

.  0005 

.  080 

139898-G 

. 00020 

jflll  J  ^ 

mmm  9 

I 

■ 

1 

B'pOV-:  -'lalS1 

■ 

.  00017 

fl 

■ 

109 


I 


1 

INSPECTION  RECORD  OF  GEARS 

\ 

Bottou  Grind  Stock 

Tooth  Thickness 

i 

t 

Fillet 

Radius 

by  Blank  Checker 

at  Midlaee 

i 

t 

Depth  Check 

Ml 

a 

Grind  Stock 

.tricity 

Concave 

Convex 

Before 

Afte  r 

rail 

Before 

After 

Total  for 

.out) 

Side 

Side 

Grind 

Grind 

Stock 

G  rind 

Grind 

Both  Sides 

106 

1  ' 

.  080 

+  .  004 

-.  002 

.  006 

.  205 

.  191 

.  014 

110 

.  080 

+  .  005 

+  .  001 

.  004 

.  205 

.  190 

.  015 

105 

.  085 

+  .  004 

-.  003 

.  007 

.  206 

.  192 

.  014 

tOb 

.  080 

+  .  005 

.  000 

.  005 

.  205 

.  192 

.  013 

107 

.  085 

.  085 

+  .  003 

-.  003 

.  006 

.  203 

.  190 

.  013 

106 

.  080 

.  080 

+  .  003 

-.  004 

.  007 

.  203 

.  189 

.  014 

105 

.  080 

.  080 

+  .004 

-.  001 

.  005 

.  20  5 

.  190 

.  015 

104 

.  080 

.  080 

+  .004 

003 

.  007 

.  201 

.  188 

.  013 

.  080 

+  .  008 

+  .  001 

■RIH 

.  014 

105 

1 

.  080 

+  .010 

+  .  001 

■PnexVSi 

■■ 

.  013 

103 

.  080 

+  .008 

+  .  001 

.  204 

.  188 

.  016 

105 

WmM 

.  075 

+  .008 

+  .  005 

.  003 

.  204 

.190 

.  014 

■a 

.  080 

+  .005 

-.  003 

.  008 

H 

.  188 

>05 

.  085 

+  .004 

-.  003 

.  007 

BA 

.  190 

>06 

.  085 

+  .002 

004 

.  006 

.  203 

.  190 

WSSm 

.  080 

+  .005 

.  000 

.  005 

.  20  5 

.  190 

1 

.  085 

+  .006 

-.  003 

.  009 

.  205 

.  189 

.  016 

39  /  * 

H 

.  085 

+  .003 

-.  001 

.004 

.  206 

.  190 

.  016 

.  080 

.  080 

+  .005 

002 

.  007 

.  205 

.  190 

.  015 

.  080 

.  085 

+  .007 

-.  002 

.  009 

.  205 

.  188 

.  017 

l! 

.  680 

.  080 

IggWiMJBg 

+  .  003 

.  205 

.  191 

.  014 

.  080 

.  080 

+  .010 

+  .01.1 

.  009 

.  204 

.  190 

.  014 

.  080 

.  080 

+  .  008 

+  .  002 

.  006 

.  205 

.  191 

.  014 

.  075 

.  080 

+  .008 

+  .  001 

.007 

.  205 

.  191 

.  014 

S 


Pitch 

Variation 


Fillet  Radi 


Load 

Level 


Part 

Number 


Se  rial 
Number 


Concave 

Side 


. 00012 
. 00023 
. 00018 
. 00015 
. 00020 
. 00021 
. 00012 
.00012 
. 00015 


. 00029 
. 00013 
.00010 
. 00012 
.00017 
. 00010 
. 00020 


. 00020 
. 00014 


Convex 

Side 


.  00010 
. 00013 
. 00009 
.  00012 
.  00016 
.  00011 
.  . 00013 
. 00009 
.  00012 


.  00011 
. 00000 
. 00016 
.  00011 
. 00010 
. 00007 
. 00020 


Eccentricity 

(Runout) 


.  0006 
.  0003 
.  0005 
.  0006 
.  0004 
.  0006 
.  0008 
.0006 
.  0005 


.  0006 
.0005 
.0005 
.0007 
.0005 
.0006 
.0006 


Concave 

Side 


All  measurements  in  inches. 
Part  Number  139887-G  (12"  DC) 
Part  Number  139898-G  (7.  5"  DC 


rABLE  XII  -  Continued 


Bottom  Grind  Stock 

Tooth  Thickness 

Fillet  Radius 

by  Blank  Checker 

at  Midface 

Depth  Check  j 

■n 

G  rind  Stock 

city 

Concave 

Convex 

Before 

After 

Before 

After 

Total  for 

1 

Side 

Side 

Grind 

Grind 

Grind 

Grind 

Both  Sides 

■9 

.  080 

+  .  004 

-.  002 

.  006 

.  203 

.  190 

.013 

.  080 

+  .002 

003 

.  005 

.  203 

.  188 

.015 

.  085 

.  080 

+  .004 

-.  002 

.  006 

.  201 

.  190 

.  Oil 

.  080 

.  080 

+  .  003 

-.  001 

.  004 

.  205 

.  192 

.013 

.  085 

.  080 

+  .  001 

-.  003 

.  004 

.  202 

.  190 

.  012 

.  080 

.  080 

+  .  003 

-.  001 

.  004 

.  203 

.  190 

.  013 

.  085 

.  085 

+  .  006 

003 

.  009 

.  205 

.  188 

.017 

.  080 

.  080 

+  .  006 

.  000 

.  006 

.  205 

.  190 

.015 

.  080 

.  080 

+  .  004 

-.  002 

.  006 

.  205 

.  191 

-  .  014 

mm 

.  080 

— 

mm 

.  004 

.  204 

.  190 

msm 

■n 

.  080 

BppIIpi 

.  008 

.  202 

.  190 

.  085 

.  085 

.  006 

.204 

.  191 

.  085 

.  085 

+  .  006 

003 

.  009 

.  204 

.  187 

.017 

.  080 

.  085 

+  .005 

-.  003 

.  008 

.  203 

.191 

.  012 

.  085 

.  085 

+  .  003 

-.  003 

.  006 

.  203 

.  189 

.014 

.  080 

.  080 

+  .006 

.  000 

.  006 

.  204 

.191 

.013 

.  085 

.  000 

.  203 

.  190 

.013 

1 

.  080 

i 

.  000 

.  205 

.  189 

.  016 

TABLE  XIII.  RAW  MATERIAL  EXAMINATION  RE'  'ORBS 


Pinions 

Material  Specification 

AMS-6265B  (AISI  9310-CVM) 

Suppliers  Heat  No. 

23138 

Material  Size 

90  Weldless  Hammered  Stem  Forgingi 

Chemical  Analysis 

C  Mn  P  S 

Si  Cr  Ni  Mo 

.09  .75  .010  0.006  .28  1.35  3.34  .11 

Hardness 

BHN  196-228 

Grain  Size 

6-8 

Forging  Lines 

O.  K. 

Hardenability 

1/38  6/17 

Jerkontoret  (JK)  rating 

Inclusion  Type  A 

B  C  n 

Inclusion  Size  Thin  Thick  Thin  Thick  Thin  Thick  Thin  Thick 

0 

o  0  0  0  0  1  0 

Inclusion  Content 

Material  conforms  to  AMS  2300 

Magnaflux  F-O.  S-O 

Gears 

Material  Specification 

AMS-6265B  (AISI  9310-CVM) 

Suppliers  Heat  No. 

23138 

Material  Size 

90  12-5/8"  OD  x  8"  ID  x  1-7/8"  thick 

Chemical  Analysis 

rings 

C  Mn  P  S 

Si  Cr  Ni  Mo 

.08  .66  .007  .006 

.30  1.34  3.42  .13 

Hardness 
Grain  Size 
Forging  Lines 
Hardenability 
Jerkontoret  (JK)  rating 
Inclusion  Type 


BHN  196-217 

6-8 

O.K. 

1/39  6/38  Quenched  from  1500*F 


A  B  C  D 

Inclusion  Size  Thin  Thick  Thin  Thick  Thin  Thick  Thin  Thick 
0  0  0  0  0  0  1  0 


Inclusion  Content 


Magnaflux  F-O,  S-O 


TABLE  XIV. 


INSPECTION  RECORDS  FOR 

T>  r»  *  lAAn  TT'  TT*  A  rr  If**  T  T  IT  C  ©  IP  r*  T  X  *  TP  a 

X\ ,  A\«  mwivto  X  4tXXWVM  — 4-v*— 


Cage  Section 


Bearing  i 

Diameters  *♦ 

Deviation 

Surface 

Right 

Left 

Middle 

From 

Finish 

End 

End 

Diameter**  5"  Radius** 

(rms) 

.4796 

.4793 

.  2060 

+  .0010 

1.  5 

.  4798 

.  4793 

.  2071 

+  .0010 

1.  5 

.4796 

.  4795 

.  2080 

+  .0015 

2.  0-2.  5 

.4797 

.  4797 

.  208  5 

+  .0010 

1.  0-1.  5 

.4797 

.  47  90 

.  2084 

+. 0010 

1.  0 

.4797 

.  4796 

.  2085 

+  .  0015 

1.  0-1.  5 

.4790 

.  4790 

.  2084 

+  .0010 

1.  0-1.5 

.4800 

.  4795 

.  2085 

+  .0010 

1.  5-2.0 

.4798 

.  4795 

.  2085 

+  .0010 

1.  0-1.5 

.4795 

.4793 

.  2085 

+  .0010 

1.  0 

.4790 

.4790 

.  2076 

+  .0010 

1.  0-1.5 

.4800 

.  4795 

.  2085 

+.0015 

1.  5 

.4790 

.  47  90 

.  2090 

+  .0010 

1.  0-1.  5 

.4810 

.  4796 

.  2085 

+  .0010 

1.  0-1.  5 

.4794 

.  4793 

.  2085 

+  .0010 

1.  0-1.  5 

.4797 

.4792 

.  2084 

+  .0010 

1.  0-1.  5 

*Part  Number  FESP-1 
♦♦Dimensions  in  inches 


GROUND  SPIRAL  BEVEL  PINION 


INSPECTION  DATA 

AGMA  QUALITY  NO - Ij 

RUNOUT  TOLERANCE -  ,0007 

PITCH  TOLERANCE _  0002 


NORMAL  CHOREAL  TOOTH  THICKNESSiMEMl.,356 -.561 

MOUNTING  DISTANCE -  .006*  008 

WHOLE  OEPTH -  ,421  -,424 


AIRCRAFT  QUALITY 
IOO*A  INSPECTION  REQ  D 


E  ''  MUST  BE 


coAn^eTntIic  wrPn  "EACH*  OTHER 
WITHIN  0002  Tl.R 
SURFACES"  X  *  AND  '  Y  *  MUST  BE  PA» 
With  each  other  within,  000  2 
SQUARE  WITH  DlAMETERS  A"  AND  ' 
WITHIN  .0  0  02 


Figure  50.  Pinion  Drawing  for  7>l/2>Inch 
Cutter  Diameter  Test  Gear  Set. 


ft 


115 


>N 


AIRCRAFT  QUALITY 
>%  INSPECTION  REQ'P 


^Va?hUSTothB|r 

I  DIAMETERS' A1’  AND 


<n 

9> 


CD 

N 


531  DR.  1.25  DR 
.625- 1  I  TAP  I  OO  DP 

60*  CENTER  .69  01  A. 
REMOVE  IK  2  THOS. 


■  ,03  R 


iaav 

/J 

*M-»I 

Q 

BEVEL  SEAR  DATA 

NUMBER  OF  TEETH _ 

PITCH  (DP) _ IR6F) 


17 

4.0S0 

PITCH  DIAMETER  (THEORETICAL).  4  I  6  7 
PITCH  ANOLE _ UlIEi _  1 6*2  6' 


SHAFT  ANGLE _ 

PRESSURE  ANGLE. 
SPIRAL  ANGLE _ 


.miEi 


HAND  OF  SPIRAI _ 

ORIVER  OR  DRIVEN. 


DIRECTION  OF  ROTATION. 


tooth  fillet  curve. 

PART  NO.  OF  MATE  . 


-  90!g 
—  2  0* 

_  39* 

—  L.H. 

—  DRIVER 

—  C.W. 


.040  MIN.  RAO 
139898-G 


NUMBER  OF  TEETH  IN  MATE _  51 

SUMMARY  NO _ (7J_Pc)__  __  139.698 

MATERIAL:  AMS  6265  B 

COPPER  PLATE  THOS.  AS  SHOWN 

CASE  .045 -.055  EFFECTIVE -ROOT 

REHEAT  1550  F 

DRAW  350* F 

CORE  HARDNESS  Rc  34-38 

CASE  HARDNESS  Re  60  MIN. 

TEST  PIECES  REQ'D 
FORGINGS  TO  TEST  BRIN  228  MAX. 
STRESS  RELIEVE  AT  325*F  AFTER 
FINISH  GRINDING  TEETH 


EXTERNAL  SPLINE  DATA 


FILLET  ROOT. 


NO.  OF  TEETH _ 

£  Pitch _ 

“  PITCH  DIAMETER, 
g  PRESSURE  ANGLE 

b. 


JRID 


ITHEO.I 


,14-H 


MEASURING  PIN.  DIA. 
DIM.  OVER  2  PINS.— 
HOB  NO. _ 


-IRm 


.  SIDE- FIT 

18 

a/l6 
2-250 
30* INV 
.240 

2.616-2.619 
HB  552-1 


STAMP: 

I  DENT.  NO. 


NOTES  ON  MACHINING 

1.  LIMITS  ON  FINISH  DIMENSIONS  ARE 
S^IFlfe0!?  UNLEaS  OTHERWISE 

2.  BREAK  ALL  SHARP  CORNERS 

3  ROUND  ALL  TOOTH  EDGES 

4  ROUND  ALL  KEYWAY  AND  SPLINE  ENDS 


BLACK  OXIOE  COAT  PER  AMS  2485  D 


r'PAflT  kid  IS»ft9|-T| 

-5fc-  MANUFACTURE  AND  INSPECT  TO  STD  BLANK 
TOLERANCES  FOR  GLEASON  BLANK  CHECKER 

MAGNAFLUX  INSPECT 
NITAL  ETCH 


s 


!I0N 


wTh’VacMhUSTothBIr 


2  t.i.r. 


AND  *'  Y  *  MUST  BE  PARALLEL  PRESSURE  ANQL 
OTHER  Y WITHIN,  *002  "a#>  SPIRAL  ANGLE  — 
H  DIAMETERS  A''  AND  6 1  HAN 0  OF  SPIRAL 


BEVEL  GEAR  DATA 

NUMBER  OF  TEETH _  17 

PITCH  (OP) _ iiEIL— __  4  080 

pitch  oiameter  (theoretical!. a. i«7 

PITCH  ANGLE _ IF  EF 1  _  18*2  6’ 

SHAFT  ANGLE _  9  0*£* 

PRESSURE  ANGLE _ IfliO- _  2  0* 

SPIRAL  ANGLE - l&Ui  -  ...  35* 

HAND  OF  SPIRAI _ u.H. 

DRIVER  OR  DRIVEN _  DRIVER 

DIRECTION  OF  ROTATION _  C.W. 


TOOTH  FILLET  CURVE - 040  MIN.  RAD 

PART  NO.  OF  MATE _  l  39887*0 

NUMBER  OF  TEETH  IN  MATE _  31 

SUMMARY  NO _ <18 Del  - _  139.887 

MATERIAL:  AMS  6263  B 

.331  OR.  1.23  OR  COPPER  PLATE  THDS  AS  SHOWN 

.623*11  TAP  1.00  OP  CASE  .045  -  033  EFFECTIVE  -  ROOT 
6  0*  CENTER  .69  01  A.  REHEAT  I330*F 
REMOVE  III  2  THOS  DRAW  3S0*F 

\  CORE  HARDNESS  Re  34-38 

\  CASE  HARDNESS  Re  60  MIN. 

_  \  TEST  PIECES  REO’D 

/-03R  \  FORGINGS  TO  TEST  BRIN  228  MAX. 

_ /  /  STRESS  RELIEVE  AT  323  *F  AFTER 

TTT-  /  FINISH  GRINOINO  TEETH 

— irtaaii 

/  R  Sq  EXTERNAL  SPLINE  OATA 

...  ,..v  /  01  1L0  ROOT - SIDE-FIT 

/FT  /  *.T  NO.  OF  TEETH - 18 

- ^  PITCH - taifl -  8/|6 

PITCH  DIAMETER _ <TMEfll  ; 

_  °-  Rg  PRESSURE  ANGLE _ L"iEL-_  30*  INV 

_  V.  £'£“■  MEASURING  PIN.  DIA _ 240 

- T?L"\  OIM.  OVER  2  PINS _  2  616-  2  619 

I  \  X  HOB  NO. - HB  332*1 


J-4*  7  NOTES  ON  MACHINING 
CHAMFER/,  LIMITS  ON  FINISH  DIMENSIONS  ARE 

/  UNLC88  otherwise 

/  2.  BREAK  ALL  SHARP  CORNERS 

STAMP:  3.  ROUND  ALL  TOOTH  EOGES 

IDENT.  NO. 4  round  ALL  KEYWAY  ANO  SPLINE  ENDS 

BLACK  OXIDE  COAT  PER  AMS  2488  D 


I  PART  NO  I39B8T*  P  | 

*  MANUFACTURE  ANO  INSPECT  TO  STD  BLANK 
TOLERANCES  FOR  GLEASON  BLANK  CHECKER 

MAGNAFLUX  INSPECT 

NITAL  ETCH 


GROUND  RPIRAI  RFVFI  PlNiOW 
(PULSER  TEST) 


AGMA  QUALITY  NO _ 

RUNOUT  TOLERANCE _  0007 

PITCH  TOLERANCE _  0002 

NORMAL  CHORDAL  AOOENOUMiMXAEL.  2  60 
NORMAL  CHORDAL  TOOTH  THICKNESSlMLSaL  .356  - 


AIRCRAFT  QUALITY 
100%  INSPECTION  REO'D 


WHOLE  DEPTH 


6.5655  M  D, 
6.SC25  M.D. 

VI0RO  PEEN 
PART  NO 


006- 006 

.463  -  .466 


Ss?wff‘s«' 

K,o 

Mr  ,oTo"i  °I*“ETE""J‘ « 


(CUTTING) _ 

(HOLD) 

SO  .409  (REF)’* 
HO.  40  4-  406  ’ 


70S  DR.  .735  RM.  THRU 
H.  OR  .7500-  7502 
GROUND  HOLE  TO  BE  ON 
fc  OF  PINION  WITHIN 
.0002  / 

/  O  £ 

/  n  a 

/  ©*>  to 

/  Jt 

/ 

/  Nin  io«v ' 

/  i  cm  ®<MM 

„  _  /  ®in  co1*1# 

12  R  /  >0*  **’« 


331  DR.  1.25 
625-11  TAP 
60*  CENTER 
REMOVE  ID 


®  O 
* 

N.  . 

a  <si 
oe  <  *  ^ 

5;25> 

SU.U§ 

c~*oS 

i  m  <0  a 


|OHi 


SURFACE'Y' 


TR  2.8 1  2-2.622 

Ls.0RX2.809-  2.6l9 

1 ROB’X'RER  2  816  ~ 

H.GR.  Y  REF  2.803-2.813 


TR.  3.975 
H.  GR.  3.969  REF 


TR,  7.556 
H.GR  7.56  2  REF. 


Figure  52.  Pinion  Drawing  for  12-Inch  Cutter 
Diameter  Pulse r  Gear  Set. 


/? 


119 


I 

! 

i 


% 


ro  Ai  ifcin  i^mn  •  i  «%«•■■»<  •» .  .  .  «... 
wt»vw  miw  grinML  DtVtL  MINHJN 


( PULSE R  TEST) 


ICKNESS 
iT 


13 

.0007 
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Figure  59.  Drawing  for  R.  R.  Moore  Test  Specimens. 
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Figure  60.  E.  R.  Moore  Specimen  Rooting  Sheet. 


APPENDIX  E 


GEAR  TESTING  DATA 

DYNAMIC  TESTING  MACHINE  INSTRUMENTATION 

Digital  Voltmater  -  Hewlett  Packard  -  Model  3439A 
Automatic  Range  Selector.  -  Hewlett  Packard  -  Model  3442A 
Rotating  Torque  Sensor  -  Lebow  Associates,  Inc.  -  Model  1241-101 
Temperature  Recorder  -  Taylor  Instrument  Company  -  Model  91JF 
Temperature  Recorder  -  Minneapolis  Honeywell  -  Model  K153X 
Vtbraswltch  -  Robertshaw  Control  Company  -  Modet  66 

Function  and  Purpose  of  Each  Instrument 


A  digital  voltmeter  Is  used  to  monitor  the  torque  In  the  system.  Direct 
numerical  readout  combined  with  automatic  range -changing  features 
permits  monitoring  the  signal  of  the  torque  sensors  mounted  between 
the  cornerboxes  and  the  output  shafts  of  the  test  gearboxes, 

The  torque  sensors  are  of  the  In-line  rotating  type  having  a  Wheats ‘one 
bridge  strain  gage  circuit.  Each  bridge  Is  connected  to  slip  ring-  J, 
silver  graphite  brushes  on  the  shaft,  which  provide  the  incoming  bridge 
current  and  the  outgoing  strain  signal. 

A  universal  multipoint  recorder  is  used  to  monitor  bearing  temperatures 
of  the  test  box.  Points  are  Indicated  and  recorded  by  a  turret  wheel 
mechanism  with  records  identified  by  various  combinations  of  numbers 
and  symbols. 

An  air-operated  temperature  recorder-controller  Is  used  to  monitor  and 
control  the  oil  temperature  In  the  test  box.  A  preset  alarm  system  shuts 
off  the  main  drive  motor  In  the  event  that  the  test  box  lubricant  tempera¬ 
ture  exceeds  the  set  point. 

The  stress-cycle  counter  consists  of  a  photoelectric  cell  and  a  light 
source  which  Is  interrupted  through  approximately  120  degrees  of 
rotation  by  a  slotted  disc.  This  Is  used  to  provide  an  electrical  signal 
to  a  two-digit  electronic  counter  which  triggers  a  mechanical  counter 
after  each  100  rotations  of  the  gear  shaft. 


BEVEL  PEAR  PULSE R  INSTRUMENTATION 

Oscilloscope  -  Hewlett  Packard  -  Modal  140A 
Digital  Voltmeter  -  Ballantine  -  Model  355 
Strain  Indicator  -  The  Budd  Company  -  Medal  P-350 
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TABLE  XVL  PAIRING  OF  GROUND  TEST  GEARS  AND  PINIONS, 

12-Inch  Cotter  Diameter 
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TABLE  XVZL  PAIRING  OF  GROUND  TEST  GI 

7-§-Inch  Cutter  Diameter 


Figure  61.  Deflection  Test  Gear  Tooth  Contact*  on  12-Inch  Cutter 
Diameter  Gear  Design  -  Friction  Load  at  Start  of  T**t 
on  Gear  Convex  Tooth  Surface. 


Figure  62.  Deflection  Teat  Gear  Tooth  Contacta  on  12-Inch  Cutter 
Diameter  Gear  Design  -  Friction  Load  at  Start  of  Teat 
on  Gear  Concave  Tooth  Surface. 


Figure  63. 


Figure  64. 


Deflection  Test  Gear  Tooth  Contacts  on  12 -Inch  Cutter 
Diameter  Gear  Design  -  35,  BOO  Lb -In.  Gear  Torque  on 
Gear  Convex  Tooth  Surface. 


Deflection  Test  Gear  Tooth  Contacts  on  12-Inch  Cutter 
Diameter  Gear  Design  -  50,000  Lb-In.  Gear  Torque  on 
Gear  Convex  Tooth  Surface. 
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Figure  65.  Deflection  Teat  Gear  Tooth  Contacts  on  12-Inch  Cutter 
Diameter  Gear  Design  -  71,600  Lb-In.  Gear  Torque  on 
Gear  Convex  Tooth  Surface. 


Figure  67.  Deflection  Test  Gear  Tooth  Contacts  on  12-Inch  Cutter 
Diameter  Gear  Design  -  Friction  Load  at  End  of  Test 
on  Gear  Convex  Tooth  Surface. 


Figure  68.  Deflection  Test  Gear  Tooth  Contacts  on  12-Inch  Cutter 
Diameter  Gear  Design  -  Friction  Load  at  End  of  Test 
on  Gear  Concave  Tooth  Surface. 


Figure  69.  Deflection  Teat  Gear  Tooth  Contact*  on  7-1 /2-Inch  Cutter 
Diameter  Gear  Dealgn  •  Friction  Load  at  Start  of  Teet 
on  Gear  Convex  Tooth  Surface. 


« 
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Figure  70. 


Figure  71. 


Deflection  Test  Gear  Tooth  Contacts  on  7-1 /2-Inch  Cutter 
Diameter  Gear  Design  •  35,  800  Lb-In.  Gear  Torque  on 
Gear  Convex  Tooth  Surface. 


Deflection  Test  Gear  Tooth  Contacts  on  7-1  /2-Inch  Cutter 
Diameter  Gear  Design  -  50,  000  Lb-In.  Gear  Torque  on 
Gear  Convex  Tooth  Surface. 
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Figure  72,  Deflection  Test  Gear  Tooth  Contacts  on  7-1  /2-Inch  Cutter 
Diameter  Gear  Design  ~  71,600  Lb-In.  Gear  Torque  on 
Gear  Convex  Tooth  Surface. 


Figure  74.  Deflection  Teet  Geer  Tooth  Contacts  on  7-1 /2-Inch  Cutter 
Diameter  Gear  Design  -  Friction  Load  at  End  of  Test  on 
Gear  Convex  Tooth  Surface. 
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of  Indicators  for  Measuring  Displacements. 
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Front  Elevation  of  Gear  Mounted  in  Test  Box  Showing 
Locations  of  Indicators  for  Measuring  Displacements. 
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EFFECTIVE  FACE  WIDTH 

This  appendix  consists  of  a  detailed  description  of  the  derivation  of  the 
effective  face  width,  Fe.  The  concept  of  effective  face  width  has  been 
in  use  for  a  number  of  years  and  was  first  Introduced  for  use  in  bevel 
gear  strength  formulas  in  1952,  Reference  8.  This  concept,  as  intro* 
duced  at  that  time,  improved  the  accuracy  of  bevel  gear  strength  calcu¬ 
lations  considerably,  and  was  based  on  a  simplified  theory  that  has  since 
been  found  to  be  somewhat  inaccurate.  The  derivation  of  a  new  formula 
for  effective  face  width  is  outlined  below  and  is  based  on  a  thorough  strain 
gage  study  of  gear  tooth  models. 

The  purpose  of  the  effective  face  width  formula  is  to  account  for  the 
following: 

1.  The  fillet  stress  of  a  gear  tooth  is  a  maximum  at  a  point  in  the 
fillet  below  the  instantaneous  line  of  contact  and  is  not  uniformly 
distributed  over  the  tooth,  as  many  calculation  methods  assume. 
This  becomes  obvious  in  the  case  of  a  very  long  tooth  and  a 
relatively  short  line  of  contact. 

2.  The  pinion  member  of  a  pair  is  often  designed  with  a  longer 
tooth  for  Increased  strength.  Calculation  procedures  assuming 
concentrated  point  loads  do  not  provide  for  this  difference  in 
gear  and  pinion  face  widths  in  determining  the  final  stresses. 

In  the  derivation  of  the  formulas  for  Fe,  the  following  assumptions  are 
made: 

1.  Calculations  are  made  in  a  mean  section  assuming  the  load  at  a 
height  hj^  above  the  root  of  the  tooth;  see  Flgrre  79. 

2.  It  is  generally  recognised  that  for  a  given  line  of  contact  on  a 
crowned  gear  tooth,  the  load  is  not  uniformly  distributed  along 
the  line  of  contact.  In  this  derivation  it  is  assumed  that  the 
load  distribution  along  the  line  of  contact  is  elliptical.  This 
will  result  In  non-uniform  stress  along  the  root  of  the  tooth. 

The  ratio  of  the  maximum  stress  to  the  average  stress  can  be  considered 
as  resulting  from  a  reduction  in  the  face  width  by  an  amount  inversely 
proportional  to  the  increase  in  stress,  This  decreased  face  width  is 
called  the  effective  face  width  and  is  defined  as: 
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P  *  APPIED  LOAD 
C  ■  INSCRIBED  PARABOLA 

AB  >  ASSUMED  WEAKEST  SECTION  IN  ROOT  OF  TOOTH 

hN  >  HEIGHT  ALONG  TOOTH  CENTER  LINE  FROM  THE 

WEAKEST  SECTION  TO  THE  POINT  OF  LOAD  APPLICATION 


Figure  79.  Mean  Section  Through  Tooth  Showing  Load  Height,  hj^. 


<1) 


Fe  "  F(*avg/*max> 
where  Fe  =  effective  face  width 
F  ■  actual  face  width 

*max  “  niaxlmum  atresa  along  the  root  of  the  tooth 
«  produced  by  the  assumed  tooth  loading 

*avg  s  average  atreaa  along  the  root  of  the  tooth  produced 
by  %  uniform  load  diatrlbutlon  along  the  total  length 
*■  of  the  tooth  at  the  aaaumed  load  height  uaed  for 


DERIVATION 

The  derivation  of  the  formulas  for  Fe  ia  based  on  general  formulae  for 
savg  and  smax.  These  stresses  are  in  turn  baaed  on  calculations  that 
yield  the  stress  distribution  in  the  root  of  any  specified  gear  tooth.  Thus, 
the  derivation  amounts  to  finding  for  a  given  tooth  the  average  stress 
caused  by  a  uniform  load  across  the  tooth  at  height  hjq  (savg)  and  that 
caused  by  an  elliptical  load  along  a  calculated  line  of  contact  (sm^)  also 
at  height  hN. 

In  1966,  the  contractor  conducted  an  experimental  Investigation  to 
determine  the  strain  distribution  in  different  curved  gear  tooth  models, 
Reference  14.  A  certain  portion  of  that  work  as  applied  to  symmetric 
teeth  is  applicable  In  the  derivation  of  the  new  effective  face  width 
formulas.  A  brief  description  of  this  prior  work  is  Included  to  give  the 
reader  a  full  understanding  of  how  the  different  stress  distributions  are 
determined.  In  this  analysis,  stress  Is  assumed  to  be  proportional  to 
strain. 


*The  actual  stress  distribution  along  the  root  of  the  tooth  resulting  from 
a  uniform  load  distribution  closely  approximates  a  uniform  stress. 
However,  the  departure  from  uniformity  has  been  considered  In  arriving 
at  the  final  formulas. 
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Strain  Distributions  in  Curved  Gear  Tooth  Models 


Experimental  Data 

Fiva  equally  spaced  strain  gages  were  mounted  lengthwise  along  the 
fillets  on  both  aides  of  the  teeth  on  each  of  three  aluminum  gear  tooth 
models.  Considerable  attention  was  given  to  mounting  these  gages 
at  equal  heights  above  the  tooth  root.  The  geometric  configurations 
of  the  tooth  models  ehosen  for  this  analysis  are  shown  in  Table  XVIII. 


TABLE  XVIII. 

GEAR  TOOTH  CONFIGURATIONS 

Model 

Part  Number 

Pressure 

Angle 

(deg) 

Nominal  Cutter 
Diameter 
(In.  ) 

1 

20 

8.00 

2 

15 

B.  00 

3 

25 

8.00 

Equal  point  loads  were  successively  applied  normal  to  the  tooth 
surface  on  both  sides  of  each  tooth  at  33  separate  locations.  The 
loading  matrix,  shown  in  Figure  33,  consisted  of  3  rows  of  11 
equally  spaced  points.  For  each  point  load,  the  5  tensile  strains 
were  recorded.  The  strain  data  were  refined  to  minimize  any 
experimental  error.  It  was  intended  in  this  analysis  to  simulate 
a  contact  line  on  the  model  tooth  by  a  series  of  point  loads  along 
that  line. 

Data  Analysis  Program 

A  computer  program  was  written  for  the  purpose  of  analyzing  the 
experimental  data.  The  strain  gage  data  for  a  specified  (convex 
or  concave}  side  of  a  tooth,  which  were  used  as  input  to  the  program, 
determine  a  set  of  five  strain  readings  for  any  contact  line  on  that 
tooth  by  superposition  of  a  specified  number  of  uniformly  spaced 
point  loads. 
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Input  item*  include: 

1.  Strain  data  in  the  form  of  a  33  x  5  matrix;  l»  a. ,  33  load 
points  and  5  strain  gaga  readings  for  each  load  point 

2,  Coordinates  of  the  end  points  of  die  desired  eontaet  Una 

3*  Type  of  load  distribution  along  the  contact  Una  (uniform, 
elliptical,  parabolic) 

4.  Number  of  uniformly  spaced  discrete  point  loads  used  to 
simulate  the  line  load 

5.  Coordinates  of  matrix  loading  points 

6.  Coordinates  of  strain  gages 

Although  It  is  possible  to  use  any  number  of  point  loads  to  simulate 
a  Une  load,  it  was  found  here  that  11  points  were  sufficient  to 
represent  any  line  within  the  degree  of  accuracy  commensurate 
with  the  experimental  data.  The  location  of  these  uniformly  spaced 
points  is  calculated  automatically  by  t.  a  program.  For  the  points 
not  part  of  the  original  loading  matrix,  a  second-order  interpolation 
procedure  was  included  to  calculate  the  corresponding  strains  at 
each  of  the  gages. 

Exponential  Curve  Fit 


It  was  established  for  these  models  that  the  lengthwise  stress 
distribution  in  the  root  of  the  teeth  due  to  both  uniform  and  ellip¬ 
tical  loads  can  be  described  by  the  following  equation: 


where 


Y  »  A  exp  B(x+Cr 

Y  *  the  stress 


A,  B,  and  C  =  parameters  describing  the  gear  tooth 
geometry,  load  line  geometry,  and 
the  load  distribution 

x  e  the  lengthwise  position  along  the  tooth 
Note:  All  models  were  of  the  same  length. 
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For  each  of  the,  contact  lines  applied  to  these  models,  A,  B,  and 


C*.  Vi*  ral  r*n1  Kir  fK* 


mrvinii^a  » 

- yr'**’''  * 

equation  Y  =  Aj  exp  (Bj  (x+Ci)*).  A^,  B^,  and  were  found  in 
practice  by  fitting  a  power  equation  through  the  logarithms  of  the 
three  highest  of  the  five  resulting  strain  readings.  A  computer 
program  with  a  curve -fitting  routine  was  available  for  power 
series  but  not  for  logarithmic  expressions.  It  is  of  interest  to 
note  that  this  equation  can  be  modified  to  fit  a  gear  tooth  of  any 
length,  provided  A^,  E^,  and  can  be  calculated,  by  nondimen- 
slonalising  the  variable  x  by  a  scaling  factor  that  is  a  function  of 
the  face  width  F.  The  length  of  the  test  models  was  2.  94  inches.  * 
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Thus,  Y  =  A  exp  B(x 


2. 94  cos 


+  C) 


(8) 


is  obtained  as  the  equation  that  describes  the  resulting  stress 
distribution  on  any  tooth  due  to  either  a  uniform  or  an  elliptical 
load  distribution. 


In  practice,  the  parameters  Aj,  B^,  and  are  found  by  the  same 
procedure  that  was  used  to  find  them  for  the  test  models.  The 
mathematical  steps  involved  are  outlined  below: 

Upon  taking  logarithms  of  both  sides  of  equation  (8),  the 
following  equation  is  obtained: 

-  2 

In  Y  =  In  Ai  +  Bi  (x _ E _  +  Ci)  (9) 

2.  94  cos  ^ 

2 

=  (In  Ai+BiCi2)+  20^ - E -  x+Bi - E - ,  x2 

2.  94  cos  t  (2.  94  cos  <1/  )z 


or  in  general, 

In  Y  =  Wj  +  W2x  +  Wjx2  (10) 

where  the  Wt's  are  constants  for  a  particular  set  of  At,  Bi, 
and  Ci.  Upon  back  substitution,  At,  Bi,  and  Ci  can  be 
solved  in  terms  of  the  Wi's  as  follows: 

At=  exp  (Wj  -  W22/4W3)  (11) 


4 


► 


♦The  distance  between  the  center  of  the  strain  gage  on  the  far  left  and 
the  center  of  the  one  on  the  far  right  was  2.  72  inches. 
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(12) 


(2.  94  cob  i  )2 

Bi  =  W3 

Ci  «(W2F)/(2  W3  2.94  co«f  )  (13) 

Thus, knowing  the  Wj's  for  a  given  line  of  contact  for  a  given 
model,  A},  Bi(  and  C*  can  be  determined, 

*  Calculation  of  Wj 

As  a  first  step,  It  Is  necessary  to  determine  the  values  of  Wi  for  selected 
contact  lines  with  uniform  as  well  as  elliptical  load  distributions  on  the 

*  gear  tooth  models.  To  differentiate  between  the  values  of  for  the  two 
load  distributions,  the  following  change  Is  made: 

1.  For  uniform  loads,  will  be  referred  to  as  U(. 

2.  For  elliptical  loads,  Wt  will  be  referred  to  as  Vi. 

Calculation  of  Uj  (s>vg)  for  Uniform  Loads 

Three  lines  of  contact  were  chosen  and  analysed  on  both  the  convex 
and  concave  surfaces  of  each  of  the  three  models  using  the  data 
analysis  program  to  simulate  the  loading.  The  locations  of  the 
three  lines  of  contact  In  the  axial  plane  on  each  of  the  three  models 
are  shown  in  Figure  80.  The  data  analysis  program  yielded  for 
each  line  of  contact  a  set  of  five  strain  readings  and  a  set  of  coef* 
flcients  Ulf  U21  end  U3  of  an  exponential  equation,  which  defines 
a  curve  closely  approximating  the  strain  distribution  along  the 
tooth  root.  The  values  obtained  for  Ui  for  the  18  load  lines  are 
given  In  Table  XIX. 

Calculation  of  Vj,  (smtx)  for  Elliptical  Loads 

Fifteen  contact  lines  were  chosen  and  analysed  on  both  the  convex 
and  concave  surfaces  of  each  of  the  three  models  using  the  data 
analysis  program  to  simulate  the  loading,  Figure  81.  These 
contact  lines  varied  In: 

1.  Length  In  the  tangent  plane. 

2.  Angle  of  inclination  (w)  of  contact  line  with  respect  to 
pitch  line  In  the  tangent  plane. 


TABLE  XIX.  U5  AS  CALCULATED  FROM  THE  DATA  ANALYSIS  PR 
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3.  Load  height  on  the  tooth  (hw)  in  the  axial  plane. 

Their  exact  locations  on  the  tooth  are  listed  In  Table  XX. 

For  each  line  of  contact,  the  data  analysis  program  yielded  a  set 
of  five  strain  readings  and  also  the  three  coefficients  Vp  V2,  and 
V3  of  an  exponential  equation,  which  defines  a  curve  closely 
approximating  the  strain  distribution  along  the  tooth  root. 

An  example  of  a  strain  distribution  obtained  In  this  way  Is  given  In 
Figure  82  for  line  No,  2,  on  the  concave  surface  of  model  No.  1  (20* 
pressure  angle).  The  values  obtained  for  V,  for  the  90  load  lines  are 
shown  In  Table  XXL 

Regression  Analysis 

From  the  calculated  values  of  (Table  XIX)  and  Vi  (Table  XXI), 
general  formulae  for  these  parameters  can  be  derived  through  multiple 
regression  analysis. 

Formulae  for  U[ 


Each  set  of  Uj,  U2,  and  U3  values  Is  used  to  describe  sav»,  the 
stress  distribution  In  the  tooth  root  due  to  a  uniform  load  distri¬ 
bution  across  the  entire  tooth  length.  The  geometrical  variables 
found  to  have  a  significant  effect  on  Ui  are: 

1,  hjsj  =  height  along  tooth  centerline  from  the  weakest 

section  In  the  root  of  the  tooth  to  the  point  of 
load  application. 

2,  +  =  normal  pressure  angle. 

3,  rc  ■  cutter  radius. 

The  height  h^  Is  nondlmenslonallsed  by  dividing  by  ht  the  total 
tooth  height  In  the  axial  plane,  and  the  cutter  radius  Is  nondlmen- 
slonallsed  by  dividing  by  F/2  cos  f  .  The  latter  results  In  the 
nondlmcnslonal  variable  P  =  F/2rc  cos  f  ,  The  values  of  two  of 
the  geometrical  variables  for  the  nine  selected  lines  of  contact 
are  given  In  Table  XXU.  The  value  of  P  remained  constant  for 
the  nine  lines.  The  values  of  the  geometrical  variables  and  the 
corresponding  values  of  U[  serve  as  Input  to  a  multiple  regression 
program.  The  final  form  of  the  equation  of  Ui  le: 
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TABLE  XX.  COORDINATES  OF  CONTACT  LINES 
IN  THE  AXIAL  PLANE 


Line  No. 

Left  Coordinate* 

*L  yl 

Right  Coordinate* 

*R  *R 

1 

1.000 

0.350 

1.500 

0.350 

2 

0.800 

0.350 

1.700 

0.350 

3 

0.600 

0.350 

1.900 

0.350 

4 

0.800 

0.250 

1.700 

0.250 

5 

0.800 

0.450 

1.700 

0.450 

6 

1.014 

0.433 

1.486 

0.267 

7 

1.014 

0.333 

1.486 

0.167 

8 

0.826 

0.500 

1.674 

0.200 

9 

0.826 

0.400 

1.674 

0.100 

10 

1.050 

0.500 

1.450 

0.200 

11 

1.050 

0.400 

1.450 

0.100 

12 

1.150 

0.500 

1.350 

0.200 

13 

1.150 

0.400 

1.350 

0.100 

14 

0.300 

0.350 

2.200 

0.350 

15 

0.300 

0.250 

2.200 

0.250 

♦Coordinates  are  given  in  the  direction  facing  the  surface  of  the 
tooth  under  study  and  with  respect  to  the  origin  of  the  loading 
matrix  shown  in  Figure  81. 


TABLE  XXI.  Vz  AS  CALCULATED  FROM  THE  DATA  ANALYSIS  PR 
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TABLE  XXII.  GEOMETRIC  VARIABLES  FOR  Ui 


Model 

No.  * 

Load  Height 

From  the  Root 
of  the  Tooth 
(in.) 

X  i  x 

ET 

x2»* 

(rad) 

2 

0.4 

0.429 

0.262 

0.  5 

0.  566 

0.262 

0.6 

0.  720 

0.262 

1 

0.4 

0.403 

0.349 

0.5 

0.563 

0.349 

0.  6 

0.  723 

0.349 

3 

0.4 

0.376 

0.436 

0.  5 

0.  550 

0.436 

0.6 

0.726 

0.436 

*For  models  1, 

2,  and  3,  $  equala  20*, 

15*,  and  25*, 

reapectlvely. 

♦♦Each  value  of  hjsj  la  determined  from  a 
mean  aection  of  the  tooth. 

normal  view  layout  at  the 
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where  C j  through  Cjo  are  determined  from  the  regression  coef¬ 
ficients  from  the  computer  program. 

The  upper  sign  la  for  the  concave  surface,  and  the  lower  sign  is 
for  the  mating  convex  surface. 

The  final  formulas  for  Uj  are: 

Ux  =  (7.  29  +  7.  21  0)  +  (1.48  +  2.  60  0) 

\  v  J 

(20.9  +  50.2/9)*  -  (0.  273  +  2.36  /?) 

Lht 


+  (28.0  +  78.  30)  *‘ 


U2  =  -(5.01  +  11.20)  +  (0.800  +  4.60  0)  \hj 
+  (32.0  +  77.80)*  -  (0.717  +  3.98  0) 

-  (47,1  +  120  0)  *2 


(15) 


(16) 


US  ■  (1.85  +  4.190)  -  (0.  321  +  1.61  0)  (^] 


-  (11.8  +  28.  8  0)*  +  (0.284  +  1.390) 
+  (17.4  +  44.40)  *2 


ht 


(17) 


The  formulas  for  U^,  U2,  and  U3  are  Included  In  the  computer 
program.  For  straight  bevels  0  =  0,  Uj,  U2,  and  U3  are  the 
same  for  both  the  gear  and  mating  pinion  surfaces, 
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Jfc*. 


Formulas  for  V[ 


Each  s«t  of  V^,  V 2,  and  Vj  values  is  used  to  describe  the  stress 
distribution  in  the  tooth  root  due  to  an  elliptical  load  distribution 
along  the  Instantaneous  line  of  contact.  The  following  geometrical 
variables  found  co  have  a  significant  effect  on  V(  are: 

1.  hN  *  height  along  tooth  centerline  from  the  weakest 

section  In  the  root  of  the  tooth  to  the  point  of 

load  applicr  ion, 

2.  Fk  *  projected  length  of  the  line  of  contact  in  the 

lengthwise  direction  of  the  tooth. 

3.  w  =  angle  of  Inclination  of  the  line  of  contact  with  respect 

to  the  pitch  line  measured  in  the  tangent  plane. 

4.  4  =  normal  pressure  angle. 

5.  rc  =  cutter  radius. 

The  variables  h^  and  Fr  were  made  nondimensional  by  dividing 
them  by  hj.  and  FR,  respectively;  h^  is  the  total  tooth  height  In  the 
axial  plane,  and  FR  is  the  root  line  face  width.  The  values  of  these 
variables  are  calculated  for  the  45  lines  of  contact  (15  lines  on  each 
of  the  three  models).  See  Table  XXIII.  The  value  of  0  remained 
constant  for  all  lines  of  contact. 


formulas  for  V}  are: 

i.  V 

(5.  27 

+  5.800)  + 

j 

(1.90  +  0.530  6) 

(4.  07 

+  1.840)  ( 
\ 

pL)  -(0.117  +  0.179  0) 

*R/ 

(29.6 

+  48.00)  4  ■ 

h  (36.7  +  73.0  0)  4Z 

J  V 

-  (1. 

00  +  7.48  0  ) 
/ 

-  (1.  51  +  0.  570  0  ) 

(7.28 

+  2.600)  f- 
\ 

£■)  +(0.  173  +  0.  155  0  )  w 
R./ 

(49.7 

+  61.80)  4 

-  (66.1  +  93.  50)  4 2 

(18) 


(19) 
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1 

TABLE 

XXIII.  GEOMETRIC  VARIABLES  FOR  V 

L 

Modal 

No.* 

Contact 
Line  No. 

v  hN** 

XjeW 

(rad) 

x4=* 

(rad) 

2 

1 

0.  566 

0.170 

0,0 

0.262 

2 

0.366 

0.306 

0.0 

0.262 

3 

0.566 

0.442 

0.0 

0.262 

4 

0.429 

0.306 

0.0 

0.262 

5 

0.  720 

0.306 

0.0 

0.  262 

6 

0.  566 

0.  171 

0.349 

0.262 

7 

0.429 

0. 171 

0.349 

0.262 

8 

0.566 

0.307 

0.351 

0.262 

9 

0.429 

0.  307 

0.351 

0.262 

10 

0.  566 

0. 172 

0.660 

0.262 

11 

0.429 

0.  172 

0.660 

0.262 

12 

0.  566 

0.  126 

0.999 

0.262 

13 

0.429 

0.  126 

0.999 

0.262 

14 

0.566 

0.647 

0.0 

0.262 

15 

0.429 

0.647 

0.0 

0.262 

1 

1 

0.563 

0.  170 

0.0 

0.  349 

2 

0.563 

0.  306 

0.0 

0.349 

3 

0.563 

0.442 

0.0 

0.349 

4 

0.403 

0.  306 

0.0 

0.349 

5 

0.  723 

0.306 

0.0 

0.349 

6 

0.563 

0.  171 

0.358 

0.349 

7 

0.403 

0.  171 

0.358 

0.349 

8 

0.563 

0.308 

0.360 

0.349 

9 

0.403 

0.  308 

0.360 

0.349 

10 

0.563 

0.  174 

0.674 

0.349 

11 

0.403 

0.  174 

0.674 

0.349 

12 

0.563 

0.  128 

1.01 

0.349 

13 

0^403 

0.  128 

1.01 

0.349 

14 

0.563 

0.  647 

0.0 

0.349 
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TABLE  XXIII  -  Continued 
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Model 
No.  ♦ 

Contact 
Line  No. 

V  hM** 

A  ^  N 

X3-W 

(rad) 

x4=* 

(rad) 

1 

15 

0.403 

0.647 

0.0 

0.349 

3 

1 

0,550 

0.  170 

0.0 

0.436 

2 

0.  550 

0.306 

0.0 

0.436 

3 

0.  550 

0.442 

0.0 

0.436 

4 

0.  376 

0.306 

0.0 

0.436 

5 

0.  726 

0.306 

0.0 

0.436 

6 

0.  550 

0.  172 

0.370 

0.436 

7 

0.376 

0.  172 

0.370 

0.436 

8 

0.  550 

0.310 

0.372 

0.436 

9 

0.376 

0.310 

0.372 

0.436 

10 

0.  550 

0.  177 

0.691 

0.436 

11 

0.376 

0.  177 

0.691 

0.436 

12 

0.550 

0.131 

1.03 

0.436 

13 

0.376 

0.  131 

1.03 

0.436 

14 

0.  550 

0.647 

0.0 

0.436 

15 

0.376 

0.647 

0.0 

0.436 

♦For  model*  1,  2,  and  3,4  equals  20',  15',  and  25*,  respectively. 

♦♦Each  value  of  hn  Is  determined  from  a  normal  view  layout  at  the 
mean  section  of  the  tooth. 
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If-  —  /A  e  1  4  0*9  O  %  •  /  n 

.  J  -WJ  j_  **.  WI  ;  T  (V<  J7J  T  w,47t^/ 


+  (2.69  +  1.01/9  ) 


fe)  ' 


\"t  / 

0727  7  0.0618/9)  w 


-(18.5  +  23.8/8)4  +  (24.8  +  35.8/9)  4 


The  upper  sign  is  for  the  concave  surface,  and  the  lower  sign  le 
for  the  mating  convex  eurface.  The  formulae  for  Vj,  Vg,  and 
V 3  are  included  In  the  computer  program. 

Final  Formulae  for  s>vg  and  Sw,,„ 


A*  stated  in  an  earlier  section  of  this  appendix,  the  stress  distributions 
in  the  root  of  the  tooth  for  both  the  uniform  and  elliptical  loads  are 
descric.  .  by  equation  (8), 

Y  ‘  A“P  °  (X  2. 94  co.  +  C)2  <  «> 

and  in  general  by  equation  (10), 


In  Y  *  Wj  +  W2x  + W3x2  (10) 

both  of  which  are  repeated  here  for  reader  convenience.  Furthermore, 
by  definition,  Smax  and  sAvg  are  the  maximum  values  of  their  respective 
distributions  and  can  be  obtained  by  differentiating  equation  (8)  with 
respect  to  x.  Differentiation  y'elds  A  as  the  maximum  value  of  Y. 
Equation  (11)  shows  the  relationship  between  A  and  the  parameters  Wj; 
this  equation  is  also  repeated  here. 


A  =  exp  (W j  -  W22/4W3) 


(ID 


For  savg,  U  replaces  W;  for  s^*,  V  replaces  W. 
The  final  expressions  for  savg  and  s^x  are: 

■avg  =  exp  (Ui  -  U22/4U3) 

•max  =  «xp  (Vi  -  V22/4V3) 


(22) 

(23) 


Both  equations  are  valid  for  gears  as  well  as  for  pinions.  However,  the 
pinion  and  gear  stresses  will  be  different  since  the  expressions  for  U: 
and  Vi  are  different  for  concave  and  mating  convex  surfaces. 
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Equations  (22)  and  (23)  were  verified  by  comparing  the  calculated  values 
ox  stress  to  those  obtained  directly  irom  the  data  analysis  program.  For 
uniform  loads  applied  to  either  concave  or  convex  surfaces,  the  average 
absolute  error  between  the  stresses  is  less  than  1. 0  percent.  For 
elliptical  loads  applied  to  concave  surfaces,  the  average  absolute  error 
between  the  maximum  stresses  is  less  than  3  percent,  and  on  convex 
surfaces  the  average  absolute  error  is  5  percent.  This  is  well  within 
the  measuring  tolerances  of  the  experiment. 

Final  Formula  for  Effective  Face  Width 

The  final  formula  for  effective  face  width  Is: 

F®  =  F  (Savg  /  Bmax)  (1) 

In  the  previous  section  it  was  stated  that  the  calculated  stresses  compared 
favorably  with  those  obtained  experimentally.  This  comparison  also 
indicates  the  accuracy  of  the  effective  face  width  formula,  since  Fe  is 
related  to  Sayg  and  «max  by  equation  (1).  The  effect  of  the  new  formula 
for  effective  face  width  is  to  raise  the  calculated  stresses  on  both  gear 
and  pinion  to  a  level  approaching  the  true  stresses  In  the  teeth. 


APPENDIX  IV 


LOAD  DISTRIBUTION  FACTOR 


This  appendix  consists  of  a  detailed  description  of  the  derivation  of 
the  load  distribution  factor,  Km*  When  a  gear  and  mating  pinion  are 
loaded,  the  mounting  deflections  will  create  relative  displacements  of 
the  two  members,  which  will  cause  the  original  tooth  cbntfcet  to  spread 
out  and  shift  to  a  new  position  on  the  tooth  surfaces.  The  purpose  of 
the  load  distribution  factor  is  to  account  for  the  increase  in  the  stress 
due  to  the  lengthwise  shift  of  the  tooth  contact  from  the  central  length* 
wise  position. 

The  following  derivation  results  in  a  formula  for  the  load  distribution 
factor  as  a  function  of  the  concave*  and  convex  tooth  surfaces.  In  this 
program  the  contacting  surface  of  one  member  (pinion  or  geer)  ie 
concave,  and  the  contacting  surface  of  the  mating  member  is  convex. 
Therefore,  the  load  distribution  factors  on  gear  and  mating  pinion  will 
generally  be  unequal. 

CONTACT  CONDITIONS 


The  development  of  the  tooth  contact  on  a  gear  pair,  particularly  the 
amount  of  mismatch  (crowning)  chosen  and  the  lengthwise  location  of 
the  contact,  has  a  marked  effect  on  gear  tooth  strength.  Therefore, 
any  set  of  formulas  for  calculating  gear  strength  needs  to  make  tome 
basic  assumptions  about  these  items. 

It  is  particularly  important  to  consider  the  shift  in  tooth  contact  along 
the  tooth  due  to  mounting  deflections  as  load  Is  applied.  It  has  recently 
become  possible  to  calculate  accurately  the  rate  of  this  shift  as  a 
function  of  tooth  design  and  the  characteristics  of  the  mountings.  This 
makes  it  possible  for  the  first  time  to  include  the  effect  of  lengthwise 
tooth  curvature  (cutter  diameter)  in  bevel  gear  strength  formulas. 

The  basic  assumption  is  that  the  tooth  contact  will  be  developed  with  the 
least  amount  of  mismatch  that  will  permit  the  full  range  of  load,  from 
zero  to  maximum,  without  the  contact  extending  over  the  ends  of  the 
teeth. 

Figure  83  shows  the  position  of  the  tooth  contact  under  no  load.  It  has 
a  length  t\,  and  the  center  of  pressure  Is  a  distance  £  from  the  center 
of  the  tooth. 
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Figure  84  shows  the  position  of  the  tooth  contact  under  peak  load.  It 
b*s  •  length  £zt  and  the  center  of  pressure  la  assumed  to  be  at  the 
center  of  the  tooth;  £z  will  generally  be  somewhat  larger  than  t± 
because  of  elastic  deformation  of  the  surfaces  under  load. 


Actually,  the  center  of  pressure  does  not  necessarily  coincide  with  the 
center  of  the  tooth  contact  ares.  For  this  reason  two  coefficients  have 
been  Introduced  to  modify  the  results.  The  coefficient  k$  permits  a. 
modification  in  the  length  of  the  tooth  contact  pattern  under  load.  When 
kj  equals  sero,  the  tooth  contact  pattern  under  lead  will  have  the  same 
length  as  the  pattern  under  no  load  {  *2  *  ).  When  k3  equals  unity, 

the  tooth  contact  pattern  under  peak  load  T0  will  be  equal  to  the  tooth 
length  (  /2  3  E*  *fiC  ^ )  Under  the  test  conditions  used  for  this 
program,  a  value  of  kj  equal  to  unity  best  fits  the  test  data  and  Is  there¬ 
fore  used  in  the  program. 

The  second  coefficient,  k4,  is  the  ratio  of  the  load  at  which  the  center 
of  contact  pressure  is  located  at  the  lengthwise  center  of  the  tooth  to 
the  load  at  which  the  center  of  the  contact  pattern  is  located  at  the 
lengthwise  center  of  the  tooth.  As  stated  above,  when  the  tooth  con¬ 
tact  pattern  is  located  at  the  center  of  the  tooth,  the  center  of  contact 
pressure  does  not  necessarily  lie  in  the  center  of  the  tooth.  It  Is  usual 
practice  to  develop  the  tooth  contact  pattern  to  be  centrally  located  on 
the  tooth  under  full  load.  However,  there  is  evidence  from  previous 
tests  that  the  center  of  pressure  will  lie  toward  the  inner  (toe)  end  of 
the  tooth.  From  the  present  teat  data  it  has  been  determined  that  this 
ratio  should  be  approximately  1. 25.  This  means  that  the  peak  load  T0 
is  25  percent  higher  than  full  load.  The  computer  program  has 
incorporated  this  value  of  k4  =  1. 25. 

With  further  experience  these  two  coefficients  may  require  modification, 
but  the  values  selected  did  fit  the  test  data. 

Derivation  of  Equations 

Referring  to  Figures  83  and  84,  the  following  simultaneous  equations 
can  be  derived: 

f  =  1/2  F  sec  ^  -  1/2  ij  (24) 

£  *  kl  rm 

k2  *  25o/  vH5" 


# 


* 


(25) 

(26) 


83‘  To°*  Contact 


Under  Peek°Lo*d?  °*  **  T°0th  Con**ct  P*tt, 


figure  84. 


rm  =  k2  A  2  (27) 

where  f  *  shift  of  contact  position  under  load 
=  length  of  contact  under  light  load 
F  sec i  *=  tooth  length 
r_  *  mismatch  radius  of  curvature 
D  ■  gear  pitch  diameter 

kj  =  calculable  factor  based  on  the  adjustability 
coefficients  for  the  particular  design,  and 
the  mounting  characteristics 

Equation  (24)  is  apparent  from  Figure  83. 

Equation  (25)  follows  from  the  definition  of  adjustability  and  the  factor 

k,. 

Equations  (26)  and  (27)  are  obtained  from  experience  relating  the 
observed  length  of  contact  under  light  load  to  the  mismatch  in  the 
gear  set  and  the  gear  size. 

Simultaneous  solution  of  these  equations  yields  the  following  equation 
for  ly  : 

A  *  (Vl+»k,kjr..c*  -l)  (28) 

It  can  be  demonstrated  that  for  the  limiting  case  of  kj  =  0  (no  shift  of 
the  contact  under  load),  the  value  of  xj  becomes  F  secf  as  would  be 
expected. 

It  is  convenient  to  consider  the  length  of  contact  projected  to  an  axial 
plane,  and  B'  is  the  length  in  this  section: 

B'  *  ^cos*  (29) 

The  length  of  the  contact  under  load  (corresponding  to  the  dimension 
In  Figure  84)  may  be  expected  to  be  larger  than  the  value  for 
light  load.  Provision  is  made  in  the  computer  program  for  assuming 
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a  factor  kj  to  allow  for  this  effect  as  follows: 

B  ■  [‘  +  k’  %  (fr  '  ')]  B'  (30> 

0  S  k3  S  1.0 

As  mentioned  above,  a  value  of  k3»  1  has  been  tentatively  selected  for 
the  computer  program. 

Adjustability  Coefficients 


The  modified  adjustability  coefficients  used  in  the  program  are  as 
follows: 


cos  y 

afp 

=  COB  f 

cos  r 

afg 

“  cos  f 

aFE 

1 

A 

[—(*¥— ;r) 

-  7r)  ■ 


+  tan  r  s 


tan  r  sin 


"4^)1 

i-¥i\ 


af« 

where 


cos  4 
sin  S 

sin  <t> 


cos  <l>  sin  2 


FP 

AFG 

afe 

af« 

y 

r 

* 


=  rate  of  lengthwise  contact  shift  due  to  unit  dis¬ 
placement  in  the  pinion  axial  direction 

=  rate  of  lengthwise  contact  shift  due  to  unit  dis¬ 
placement  in  the  gear  axial  direction 

=  rate  of  lengthwise  contact  shift  due  to  unit  dis¬ 
placement  in  the  offset  direction  between  the 
two  axes 

s  rate  of  lengthwise  contact  shift  due  to  unit 
angular  change  in  the  shaft  angle 

=  pinion  pitch  angle 

=  gear  pitch  angle 

=  normal  pressure  angle 


(31) 

(32) 

(33) 

(34) 
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f  =  mean  spiral  angle 
2  ■  shah  angle 

A  ■  mean  cone  distance 
rc  *  mean  cutter  radius 
Mounting  Deflections 

The  measured  displacements  obtained  from  a  deflection  test  on  a  pair 
of  gears  In  their  mountings  must  be  converted  to  relative  displacements 
between  the  gear  and  mating  pinion.  The  formulas  given  here  apply  to 
the  rigid  test  boxes  used  for  this  test  program.  Other  test  boxes  may 
be  analyzed  in  a  similar  manner,  but  the  formulas  may  require  modifi¬ 
cation  to  suit  the  individual  case.  These  formulas  are  not  included  in 
the  computer  program,  since  they  are  not  sufficiently  general  for 
universal  use. 

In  the  following  formulas  for  P,  G,  E,  and  a  ,  the  circled  numbers 
represent  the  indicator  readings  listed  in  Table  XV  in  Appendix  II. 

The  sign  convention  is  shown  in  Figure  85,  and  Figures  76,  77,  and  78 
are  the  three  views  of  the  test  box  showing  the  indicator  locations.  The 
lowercase  letters  are  the  distances  illustrated  In  Figures  76,  77,  and 
78. 


P  =  pinion  axial  displacement,  Inches;  plus  (+)  means 
the  pinion  moves  out  of  mesh. 

G  *  gear  axial  displacement,  inches;  plus  (+)  means 
the  gear  moves  out  of  mesh, 

E  *  offset  displacement,  inches;  plus  (+)  means  the 
pinion  axis  moves  down  relative  to  the  gear  axis 
when  the  pinion  is  to  the  right  of  the  gear  center 
as  an  observer  looks  at  the  face  of  the  gear. 

a  s  shaft  angle  displacement,  radians;  plus  (+)  means 
an  increase  in  the  shaft  angle. 
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INDICATOR  I  .Or  AT  TOMS  rw  tpot  tsrvv 


Letter  Designation 
a 
c 
d 
e 
f 

g 

h 

m 

o 

P 

q 

t 

w 

X 


Pittance 
2.  96 
3.96 
4.75 
2. 16 
1.  14 
3.38 
10.97 
2.90 
4.18 
2.69 
1.60 
0.31 
5.71 
0.24 


The  unit  vectors  i,  j,  and  k  are  shown  In  Figure  85.  The  displacements 
P.  G,  E,  and  a  for  the  four  gear  torque  levels  were  calculated  and  are 
listed  in  Tables  XXIV  and  XXV.  The  results  for  gears  produced  with 
both  the  7-1 /2-inch  and  12-inch  cutter  diameters  are  Included. 

When  no  deflection  test  data  are  available  to  calculate  P,  G,  E,  and  a 
the  following  approximate  formulas  were  used: 


p  = 

+  0.00000033  Tq 

(35) 

G  = 

-  0.00000020  Tq 

(36) 

» 

E  = 

-  0.00000033  Tq 

(37) 

a  = 

+  0.00000006  Tq 

(38) 

whore  T q  =  gear  torque,  lb-in. 
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j  TABLE  XXIV.  E.  P.  r.;  AND  *  FOR  THE 

1  DIAMETER  DESIGN 

12 -un'CH 

i 

CUTTER  j 

Standard  Displacements 

Oear  Torque 

E 

P 

0 

a 

(lb-in.) 

(in.) 

(in.) 

(in.) 

(rad) 

35, 800 

-0.0053 

0.0031 

0.0010 

50,000 

-0.0080 

0.0041 

0.0005 

-0. 0004( 

71,600 

-0.0112 

0.0056 

0.0001 

-0.00037 

100,000 

-0.0135 

0.0075 

0.  0006 

-0.0005E 

TABLE  XXV.  E,  P,  G,  AND  «  FOR  THE  7-1/2-INCH  CUTTER 
DIAMETER  DESIGN 


Standard  Displacements 


Gear  Torque 
(lb-in. ) 

E 

(in.) 

P 

(in.) 

G 

(in. ) 

a 

(rad) 

35,800 

-0.0057 

0.0024 

-0.0007 

-0.00001 

50.000 

0.0072 

0.0039 

-0.0004 

-0.00015 

71,600 

-0.0097 

0.0049 

-0.0008 

-0.00011 

100, 000 

-0.0126 

0.0070 

0.0000 

-0.00034 
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TVt#a»  formulas  are  b«aea  on  average  value*  of  P,  G,  E,  and  «  ,  as 
observed  In  past  deflection  tests  performed  at  the  contractor's  facilities 
on  automotive  rear  axles,  which  are  typical  of  most  commercial  gear- 
boxes  In  this  sire  range  (7-inch  to  9 -inch  gear  diameter),  and  which 
are  not  as  rigid  as  the  test  boxes  used  in  this  program.  For  other  gear 
designs  it  would  be  best  to  Introduce  known  or  assumed  values  based  on 
some  prior  experience. 

Equation  for  Contact  Shift 

The  equation  for  kj  can  now  be  written 

kj  =  PApp  +  GApQ  +  EApp  +  *AjpB  (39) 

This  is  based  on  the  adjustability  coefficients  (31)  through  (34)  and  the 
mounting  displacements  (35)  through  (38). 


The  contact  shift  from  the  lengthwise  center  of  the  tooth  at  any  load  level 
is  dependent  upon  the  displacements  at  that  load  level.  These  are  given 
a*  follows: 


P!  ■  P 


Tg  ■  *4  TD 


G,  =  G 


TC  -  k4  TD 


Ei  s  E 


Tc  -  k4  To 


TC  -  *4  TD 


where  Tq  8  g**r  torque,  lb-in. 

To  8  gear  torque,  lb-in, ,  which  produces  a  central 
tooth  contact  pattern  -  usually  full  load. 

k,  =  ratio  coefficient  determined  previously  -  assume 
1.25. 


A  new  equation  for  kj '  can  now  be  written. 
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+ 


(44) 


1*1 1  B  PlApp  + 

which  is  proportional 
specific  load  Tq- 


g1aFG  +  E1AFE 
to  the  contact  shift 


+  «lAF« 
from  a  central  bearing  at  any 


The  shift  can  be  calculated  by  solving  equations  (24)  through  (27)  for  f 
and  using  the  coefficient  lq'  in  place  of  ki.  The  resulting  equation 
becomes 

t  *  ?'T*"  ■  [v1  +  8ki'1‘2  f  *«7  -  l]  (45) 

The  contact  shift  was  checked  experimentally  on  a  testing  machine  under 
light  loads.  The  gears  were  displaced  In  many  combinations  on  this 
machine,  and  the  contact  shift  was  observed  by  eye.  The  correlation 
proved  to  be  excellent  between  the  calculated  shift  and  the  observed 
shift.  A  similar  correlation  under  load  is  shown  in  Figures  86  and  87. 


LOAD  DISTRIBUTION  FACTOR 


The  data  analysis  program,  previously  described  in  Appendix  III,  was 
used  to  determine  the  stress  distribution  in  the  root  of  the  tooth  as  the 
center  of  an  assumed  elliptical  load  distribution  shifts  toward  the  end 
of  the  tooth.  In  this  analysis  It  was  assumed  that  the  line  of  contact  on 
the  tooth  remained  parallel  to  the  pitch  line  at  a  constant  height  above 
the  root  of  the  tooth  and  that  the  total  load  on  the  line  of  contact  remained 
constant.  The  procedure  of  shifting  the  line  of  contact  to  various  length¬ 
wise  positions  was  repeated  for  both  the  concave  and  convex  tooth  sur¬ 
faces  on  three  teeth  with  pressure  angles  of  15,  20,  and  25  degrees. 

The  ratio  of  the  maximum  root  stress  caused  by  a  centrally  located 
contact  pattern  was  found  to  be  nearly  identical  for  the  three  pressure 
angles.  The  resulting  factors  for  the  three  pressure  angles  were 
therefore  averaged,  and  one  equation  is  presented.  The  general  form 
of  this  equation  for  load  distribution  is: 


K 


m 


■shift 

•max 


(46) 


where  K  =  load  distribution  factor, 

■shift  =  m*x*'murn  ■tress  along  the  root  of  the  tooth  when  the 
tooth  contact  pattern  has  shifted  away  from  its  central 
position  on  the  tooth. 
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100.000 


Correlation  Between  Calculated  and  Measured  Contact 
Shift,  12-Inch  Cotter  Diameter  Design. 


SHIFT  TOWARD  HEEL,  INCHES 


Figure  87. 


Correlation  Between  Calculated  and  Meaeured  Contact 
Shift,  7- 1/2 -Inch  Cutter  Diameter  Deeign. 


'max 


maximum  stress  »!or.g  the  *oui  ox  the  tooth  when  the 
tooth  contact  pressure  is  centrally  located.  This  la 
the  same  referred  to  in  Appendix  Ill  on  Effective 

Face  Width. 


By  nondlmenslonalislng  the  factors  used  In  this  equation.  It  is  possible 
to  develop  a  general  equation  from  the  model  tooth  data.  The  tooth 
length  of  the  model  used  in  this  analysis  was  2, 94  inehsa,  and  the 
lengthwise  radius  of  curvature  (cutter  radius)  was  4  inches.  Figure  88 
shows  the  relationship  between  the  face  width  F  and  the  tooth  length  for 
spiral  bevel  gears.  After  plotting  the  nondimensional  contact  shift, 
f/F  sec  ^  ,  versus  the  load  distribution  factor,  Km  (Figures  89  and  90), 
a  polynomial  of  the  form  y  =  Anx^n  was  fitted  to  the  curve.  The  result¬ 
ing  polynomial  formula  for  the  load  distribution  factor  Is: 


Km  =  1.00  +  (14.6  +  7.6)3  )  XFR2  -  (66.3  +  17.7  )8)  XFR4 


+  105  XFR' 


Concave 

Convex 


(47) 


where  P  - 


lFR 


2rc  cos  + 
t  cos  4/ 


-  nondimens  Iona  Used  lengthwise  radius 
of  curvature 

*  nondimensionallsed  tooth  contact  shift 


The  upper  sign  applies  to  the  concave  tooth  surface,  and  the  lower  sign 
applies  to  the  convex  tooth  surface. 


^  / 


Figure  89.  Load  Distribution  Factor  Vs  Contact  Shift 
for  the  Concave  Tooth  Surface. 


APPENDIX  Y 


STRESS  FORMULA  DOCUMENTATION 


This  appendix  consists  of  a  complete  description  of  the  formulas  used  in 
the  program. 

DESCRIPTION  OF  PROBLEM 


Given  the  details  of  the  tooth  design  and  the  cutter  specifications,  these 
formulas  lead  to  the  calculation  of  the  bending  stress  in  the  root  fillet  of 
a  bevel  gear  tooth. 

Referring  to  the  New  Strength  Formulas  section  in  the  main  body  of  this 
report,  the  two  major  unknown  factors  in  equation  (4)  for  bending  stress 
are  the  load  distribution  factor,  Km>  and  the  geometry  factor,  J.  The 
formulas  for  these  two  factors  as  well  as  the  formulas  for  the  bending 
stress,  st,  are  given  for  both  the  gear  and  the  mating  pinion,  The  other 
factors  in  equation  (4)  are  either  known  or  assumed. 

Also  included  is  the  formula  for  working  stress. 

METHOD  OF  SOLUTION 


The  basic  formulas  used  here  are  based  on  those  used  in  the  AGMA  bevel 
gear  strength  standards,  References  15  and  16.  Modifications  have  been 
made  in  the  formulas  for  effective  face  width  and  load  distribution  factor, 
as  described  in  detail  elsewhere  in  this  report.  In  addition,  the  slse 
factor  has  been  removed  from  the  equation  for  calculated  bending  stress, 
and  a  modified  formula  for  sise  factor  has  been  Incorporated  in  the 
equation  for  working  stress. 
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•Amtatfj  A  MAMHIIMUM  a  nnmm 

fwiwwwi  wvumiwiAimw 


“c 

JJ. 

« 

gear  ratio 

tan  y 

•in  £ 

y  >•  pinion  pitch  angle 

mc  +  cos  £ 

r 

■ 

*-y 

gear  pitch  angle 

A 

D 

outer  oone  distance 

no 

2  sin  T 

F 

mn 

m 

Fgi  Fp,  Fhc,  or  F^p 

whichever  is  smallest 

F 

*mx 

m 

Fg,  Fp 

whichever  is  larger 

^Pmn 

m 

Fp  or  FRp 

whichever  is  smaller 

^Pmx 

m 

Fp  or  Frp 

whichever  is  larger 

F 

Gmn 

m 

Fg  or  fhg 

whichever  is  smaller 

F 

rGmx 

m 

fg  ot  fbg 

whichever  is  larger 

A 

m 

K  - 

mean  cone  distance 

P 

m 

n 

Fd 

circular  pitch 

aop 

at 

bk  "  aoG 

pinion  addendum  at  outer  end  of  tooth 

boP 

m 

btP  “  aoP 

pinion  dedendum  at  outer  end  of  tooth 

boG 

m 

btG  “  aoG 

gear  dedendum  at  outer  end  of  tooth 

bP 

■ 

boP  -  °-5Fnmtanap 

mean  pinion  dedendum 

bG 

Ml 

boG  -°-5FmntanSG 

mean  gear  dedendum 
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a0P  -  0.5Fmnt«ia„ 


mean  pinion  addendum 


aou  -  0-6PnmtanaG 


mean  gear  addendum 


(8bc  tao  ^  -f  Wc)  _  Jl_  _  Bmx  when  W0  te 

ooa  ip  A0  8  ooa  <£coa  ipe  given 


B„ 


A  . -“»*■  ---r 

nP  +  Ag  _  8  CO#  ^oo«#a 


when  tnP  is  given 


pinion  mean  circular 
thioknesa  aaaumiog 
aero  backlash 


tmPo  A  2coa^cos^ 


B 


ma_ 


A0  P  ~  tmP  “  A0  ’  cob  4>  coa  i/>0 

0.8254546  -  0.416695  4> 

0.8318182  -  0.52087  <+> 

0.2681318  +  0.52087  <6 

“  P - 

n  008  ip 


Pj  Pn 


ooa  <p  (coa2  ip  +  tan2  <p)  coa2  ipb 


pinion  mean  oircular  thickness 
gear  mean  circular  thickness 

stress  ooncentratloo  constants  (<p ,o  in  radians) 

mean  diametral  pitch 

mean  normal  oiroular  pitch 


1.0 

1.25 

Tc  or  k4  Td 

0.00000033  T„ 

-0.00000020  Td 
-0.00000033  Td 
0.00000006  TD 

0.00000033  <Tg  -  k4  TD) 
-0.00000020  <TC  -  k4  T„) 
-0.00000033  (Tg  -  k4  Tn) 
0.00000006  (Tc  -  k4  T„)  j 


whichever  is  larger 


when  not  given;  otherwise  use  given  values 


when  P,  0,  E,  and  a  are  not  given 
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-  a 


•  iZk 

/m 

>±Ll 


-  W 
Tn 

~  ¥pi 


-  s 


■  a 


.  <T0  -  k,Tn) 

tb 

.  <Tc  I  W 
*d 


whsn  P,  Q,  E,  and  a  are  given 


modified  adjuataoility 
coefficients 


sin  <f> 

COS  iff 


sin  1 


(p  •  afp 

f  G‘Afg  +E-A 

FE+  «* 

AP»)  k* 

P1  '  afp 

+  t3rAFc  +  Ei 

*  AFE  + 

°r  af« 

260 

1 

\J l  x  _?l*Jka 

Pmn  w 

.1  1 

4lk1|kJ 

COS  if/ 

J  1 

length  of  tooth  contact  at  no  load  in  tangent 
plane  (when  k.  <0.00001,  1,  -  F  ) 

4  z  nt  ii' 


C  j  (—«■_  -  l)  +  1 

V1!00*  ^  / 

Ajlj  cos  iff 

A0  B  tan  if/ 

A  p 


length  of  tooth  contact  at  given  load  in  axial 
plane 

face  contact  ratio 


_ S_  •  A 

2  cos  y  A0 


pinion  pitoh  radius  in  mean  transverse  section  (1  DP) 
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RC1 

-  N  .  _  A 

2  cos  r  A 

0 

gear  pitch  radius  in  mean  transverse  section 

(1  np) 

rnpi 

-  —E.1 

OOS  9  ^ 

pinion  pitch  radius  in  mean  normal  Motion  (;  DP) 

rngi 

R/;  i 

008*  if/ 

gear  pitch  radius  in  qwan  normal  swtion(lDP) 

RbNPl 

RbNCl 

"  RNPlC08<$ 

-  rN01>»^ 

P^00  bane  radius  in  mean  normal  section  (1  DP) 

gear  base  radius  In  mean  normal  section  (1  DP) 

aPl 

"  aP  ’  P«j 

pinion  mean  addendum  (l  DP) 

aGl 

"  ac  •  Pd 

gear  mean  addendum  (1  DP) 

bPl 

“  hp  ■  Pd 

plnioo  mean  dedendum  (1  DP) 

bGl 

-  bG  •  Pd 

gear  mean  dedendum  (1  DP) 

RoNP  1 

ft 

oNGl 

-  rnp1  +»P1 

-  RN  g  1  +  ac  1 

pinion  outside  radius  in  mean  icrmal  section 

(1  DP) 

gear  outside  radius  in  mean  normal  section 

(1  DP) 

-  Ronp,  \K~(hnLi)2 

\KoNP1/ 

-  RN  P ,  sin  0  arc  of  ^PPJoachj  ln  normal  wotlon  (1  Dp) 

*; 

\RoNG1/ 

-  RN  G ,  sin  0  aro  of  ( api*[®aoh)  in  mean  normal  aeotlon  (1  DP) 

ZN, 

-  z/  +  z; 

length  of  action  in  normal  section  (i  DP) 

■"p 

ZN, 

-  — —  «  m  oosa  ili . 

Pj  "  rb 

transverse  (profile)  contact  ratio 

mo 

-  \/m*  +  njj* 

modified  contact  ratio 

PN 

-  pd  Pn  008  * 

normal  base  pitch  (1  DP) 

k' 

_  N-n 

load  position  correction  factor 

8n  +  8.4N 

“n 

-J-i 

Pn 

normal  oontaot  ratio 
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distance  from  pitch  circle  to  point  of  load 
application  on  tooth  oentarline 


tDl 

jP"  +  bpi  **®  ^  +  fTPt^*#0  $  “ t<n  # 


L*-ffek*«  t»^*TOi  (m* - m  i) 


bP 1  " rTP 1 


‘JG1  ~  rTCl 


X^p  (first trial)  -  xpj  +  yjp 

e„  .  ife... 


oust  always  be  poaitlve 


*0p 

-*PI 

y2P 

oos  0p  - 

*,p 

sin  Op 

ytP 

sin  6p  + 

*2P 

oos  0f 

•ip 

*jp 

“  ®NPl 

(«p 

-  sin 

arnp  +  RNPi 

(1- 

■  cos  6. 

must  always  be  positive 


Cp  must  be  greater  than  </> 


k„  -  JL 

kj  -  8.0 


tNp  otn^p 

'  "  '  "'^NP 


kp  must  be  equal  to  kp  to  8  decimal  places.  If  it  is  not,  for  second  trial  make  X$p  equal  to 
1.1  X^p  (first  trial).  For  subsequent  trials,  interpolate. 


Xflc  (first  trim)  -  »  +  y 

vM  9  2  C 


must  always  be  positive 


v 


*G 

-  nec 

RN  01 

*8C 

"  *<?C  -*G1 

*to 

-  y2C  cos  eG  -  xJ0  ,in  eQ 

*so 

-  *1.0*"  *0  +  xiG  *»e0 

|  must  always  be  positive 

tan  C  -  JL 12. 

s2c  4  must  be  greater  than  ^ 

*NG  -  x0c  “  RNC1  (*G  -  8l“  «o>  -  rTGl  008 Cq  -  l1G 

hNC  “  ARng^WCI^  ~  0°8*C)  +»TOl*U)<0  4  f,G 

k  .  }SC  0tn  <G 

hNG 

*G'  -  «.o 


kc  must  be  equal  to  kG'  to  8  decimal  places.  If  it  is  not, 
(first  trial).  For  subsequent  trials,  interpolate. 


for  second  trial  make  X*.  equal  to  l.lX^ 


hNP 

L 

t  3 

f 

XN_  *  JBP.. 

NG  h 

|  tooth  strength  factors 

"ng 

* 

rRPl  “  Pd  *  PRp 

pinion  root  face  width  (1  DP) 

Fnci  -  pd  *  pRC 

gsar  root  face  width  (1  DP) 

tan  w  -  sin  <&  .  tsn  ^ 

w  -  angle  of  Inclination  of  line  of  contact 
with  pitob  line  in  tangent  plane 

htPi  -  pd  •  htp 

pinion  outer  whole  depth  (1  DP) 

h‘ci  -  pd  ■  l»tc 

gear  outer  whole  depth  (1  DP) 
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1.00  ±  7.48$  -  (1.51  ±  0.570^)^jpt£.j  -  (7.88  1  8.60/3)  J  +  (0,178  T  0.155/9)  w 


+  <«.7  ±  61.8/3)^  -  (66.1  ±  98.5/$  08 


Conoave 

Convex 


(0.366  * 2.87$  +  (0.598  ±  0, 894 /9)  ^M^  +  (8.69  ±  1.01/$  .  ^-(0, 0787  *0.0618$  t 


-  (18.5  ±  88.8/3)  +  (84.8  ±  85.8$  *8  O*0™ 

Convex 


fv  .^1  Coov 

eL  ‘G  4VSC  J 

(7.80  ±  7.21  $  +  (1.48  ±  2.60/3)  “(20.9  ±  50.2/8)  0  -  (0.278  ±  2.86/3)  ^noJ 


+  (88.0  ±  78.3/9)  8 


Concave 

Convex 


-(5.01 1  U.2/3)  +  (0.800  T  4.60/3)  +  (88.0  ±77.8$*  -  (0.717  ±  8.98$^ifl.J 


-(47.1  ±180.0$  *8 


Coooave 

Convex 


(1.85  ±  4. 19$  -  (0.821  T  1.61/3) 


fe)' 


(11.8  ±  88.8/3)  *  +  (0.284  T  1.89/3) 


fej 


[u  --HiiL.1 

.L 10  «,cJ 


rr  p,  _'v«o 


+  (17.4  ±  44.4/8)  *8 


gear  effective  face  width  (1  DP) 


Conoave 

Convex 


*NP1  +  kpl  “  rTPl  TP1 


pinion  fillet  radiua  at  root  oirole  (1  DP) 


!  +  b_.  -  r _  ™i 


gear  fillet  radiua  at  root  oirole  (1  DP) 


‘HP 


‘KG 


K. 


K,„ 

•  a 

-  h,  +/iiii£.\J<  . 

*  w 

/8tNp\^( 

V  W 

1 

Kfo 

■"■♦W  ■ 

/8tNG\L' 

V^) 

|  stress  concentration  factors  per  Dolan  and 

Broghamer 

®tp 

-  RP1  (\  + -II.'' 

P1  \  PdA/ 

1+  arnp 

R,o 

k*-&, 

)  +  ARnc 

* 

fpi 

“  Pd  Pp 

pinion  face  width  (1  DP) 

F01 

"  PdPC 

gear  face  width  (1  DP) 

8*HEilLE. 


8tNP  “  XNP  t>n  ^LP 

8XW„  t»« 


8tNG  ” 

XN0t,n* 

LG 

8Xp 

”5^77 

8X0 

»Kfc 

Ykp 

•  -I*p  • 

R,p 

®NPR1 

^p7 

RP1 

.  Jsa.. 

Rtc 

“ngK, 

*oi 

RG1 

1.0 


J*h . 

Fp  •  d  •  Jp 


_Pd_ 

P_ 


when  Pd  is  leu  than  16 
when  Pd  la  greater  than  18  f 


pinion  geometry  faotor  for  strength 
gear  geometry  faotor  for  strength 

alee  faotor 
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pinion  strength  faotor 


soar  strength  factor 


working  stress 


APPENDIX  VI 


COMPUTER  PROGRAM 


This  appendix  conaiats  of  a  complete  deacription  of  the  computer  program 
and  Ineludea  the  input  and  output  data  aheeta  together  with  lnatructlona 
for  their  uae,  the  aource  program  liating  with  operating  inatructlona, 
and  a  sample  problem. 

t 

. -  COMPUTER  T VPB  AN  D  PROGRAM  LANGUAGE 

Th-j  subject  program  ia  written  in  FORTRAN  IV  language  for  use  on  the 
IBM  7090/7094  Computer.  Computer  running  time  ia  approximately  one 
minute  per  data  set. 

PROGRAM  DESCRIPTION 

The  program  was  written  to  calculate  the  bending  stresses  in  a  pair  of 
bevel  gears  given  the  gear  design  details,  the  cutter  specifications,  the 
adjustability  characteristics,  and  the  load. 

Three  lists  of  symbols  are  included  in  the  report: 

1.  A  list  of  all  input  symbols  showing  the  card  numbers,  column 
numbers,  letter  symbols,  FORTRAN  symbols,  and  a  descrip¬ 
tion  of  each  item. 

2.  A  list  of  all  the  symbols  used  in  the  program  showing  the  letter 
symbols,  FORTRAN  symbols,  and  a  description  of  each  item. 

3.  A  list  of  all  output  symbols  showing  the  letter  symbols, 

FORTRAN  symbols,  and  a  description  of  each  item. 

INPUT  INFORMATION 

.  « 

All  but  the  items  on  card  No.  0  and  the  last  three  input  items  on  card 

No.  1  (DRIVE,  ROT,  and  HAND)  must  be  entered  in  the  following 

manner:  , 


1.  Each  value  must  have  a  decimal  point.  The  decimal  point 
may  be  placed  in  any  position  necessary  but  must  occupy  a 
column  on  the  card. 
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1 


* 


2.  A  negative  number  must  be  preceded  by  a  minus  (-)  sign, 
‘whereas  the  plus  {+)  aign  may  be  omitted  from  a  positive 
number. 

3.  Ail  input  items  except  Tq,  Ky,  Kq,  Cg,  Tq,  E,  P,  Q,  and 
a  may  be  found  on  a  Gleason  dimension  sheet. 

4.  The  computer  program  is  written  to  permit  multiple  sets  of 
data  to  be  run  consecutively,  Data  card  No.  0  precedes  the 
No.  1  data  card  for  the  first  set  of  data  only.  ft  ls  not  neces- 
sary  to  duplicate  card  No.  0  for  successive  sets  of  data  when 
running  multiple  sets.  It  is  necessary  that  a  blank  card  follow 
the  last  data  card  in  the  last  set  of  data. 

INPUT  DATA 


All  data  should  be  placed  on  80-column  IBM  cards.  A  complete  descrip¬ 
tion  of  each  item  of  input  is  given  on  pages  219  through  223,  and  sample 
input  sheets  are  included  on  pages  224  and  225. 

PROGRAM  LISTING 


The  complete  program  listing  is  given  on  pages  232  through  243.  All 
special  subroutines  are  included  in  the  listing. 

OPERATING  INSTRUCTIONS  FOR  PROGRAM 


After  all  input  data  are  placed  properly  on  standard  80-column  IBM 
cards,  the  standard  procedures  for  running  a  program  on  the  IBM  7090 
computer  should  be  used. 

There  are  only  three  subroutines  used  in  this  program  that  are  not 
standard  on  the  IBM  7090.  They  are  PICK,  INTP1A,  and  ANGLE. 
PICK  is  the  subroutine  used  for  picking  a  maximum  or  minimum  value 
from  a  given  set  of  numbers.  INTP1A  is  used  for  interpolation  in  the 
Xg  loop.  ANGLE  is  used  for  finding  all  functions  (angle,  sin,  cos, 
and  tan),  given  any  one  function.  These  subroutines  are  included  as 
oart  of  the  program  deck. 

List  of  Stops 

There  are  two  program  stope  that  have  been  introduced.  If  a  stop 
occurs,  the  stop  number,  along  with  the  key  values,  is  printed  out. 
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Stop  Number 


De»cription 


1  uear  pitch  angle  r  greeter  then  or  equel  to  105*. 
Thie  may  occur  If  theft  engle  It  too  high.  Reduce 
the  theft  angle. 

2  Iteration  failed  in  Xg  loop.  Thlt  •  Ituatton  will 
erite  If  the  Input  data  ere  not  reasonable. 

Check  the  input  carde  for  accuracy. 


The  output  from  the  program  it  In  the  form  of  a  printer  listing.  Each 
line  of  output  contains  a  brief  description  of  the  Item,  its  FORTRAN 
symbol,  and  Its  numerical  value.  The  output  list  Is  divided  Into  two 
parts:  INPUT  and  OUTPUT. 

On  page  244  will  be  found  an  explanation  of  the  calculated  output  values. 
The  letter  symbol,  the  FORTRAN  symbol,  and  a  description  are  given 
for  each  item. 

All  angles  given  in  the  output  are  In  degrees.  Linear  dimensions  are  In 
inches.  Stresses  are  given  in  pounds  per  square  Inch.  The  direction 
of  the  bearing  shift  Is  dependent  upon  its  algebraic  sign:  plus  means 
movement  toward  the  outer  end  of  the  tooth  (heel);  minus  means  move¬ 
ment  toward  the  Inner  end  of  the  tooth  (toe). 

SAMPLE  PROBLEM 

The  sample  input  and  output  data  listed  on  pages  245  through  248  are 
for  the  17/51  test  gear  ratio  produced  with  a  12-inch  cutter  diameter. 


f 
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INPUT  DATA  INSTRUCTIONS 


Card 

No. 

Columns 

Lstter 

Symbol 

FORTRAN 

Symbol 

DescrlDtion 

0 

f 

1-3 

5-8 

9- 10 

13-15 

as 

Till  1 

T1112 

These  items  are  constants 
used  in  the  program.  This 
card  mult  bs  the  first  ca*d 
.  of  the  data,  manmalftpif 

• 

mi 

Si 

T1113 

T1114 

sets  of  data  are  being  run, 
this  card  has  to  be  Included 
only  at  the  very  beginning, 
and  not  with  every  set  of 
data. 

1 

1-10 

n 

ZN(1) 

Number  of  teeth  in  pinion. 

11-20 

N 

ZN(2) 

Number  of  teeth  in  gear. 

21-30 

Pd 

PDIA 

Diametral  pitch. 

31-40 

* 

PHA9 

Normal  pressure  angle  - 
decimal  degrees. 

41-50 

X 

SIG9 

Shaft  angle  -  decimal 
degrees. 

* 

51-54 

DRIVE 

Driving  member.  Enter  PIN 
for  pinion,  GEAR  for  gear, 
or  BOTH  when  either 
member  drives.  Must 
start  In  column  51, 

f 

61-63 

ROT 

Direction  of  rotation  of 
driving  member  (when 
viewed  from  back).  Enter 

CW  for  clockwise,  CCW 
for  counterclockwise,  or 

REV  when  rotation  Is  In 
either  direction.  Must 
start  In  column  61. 
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Card 

No. 

Columns 

Letter 

Symbol 

FORTRAN 

-a* - 

1 

71-72 

HAND 

Pinion  hand  of  spiral. 

Enter  LH  for  left  hand  or 

RH  for  right  hand.  Leave 
blank  for  straight  and 

Zerol  bevels. 

1-10 

*P 

FACE(l) 

Pinion  pitch  line  face  width. 

11-20 

rG 

FACE(2) 

Gear  pitch  line  face  width. 

21-30 

4 

PSM9 

Mean  spiral  angle,  decimal 
degrees.  Use  zero  for 
straight  bevel  or  Zerol 

gears. 

31-40 

tmP 

TMP 

Mean  pinion  circular  thick- 

ness.  Use  for  spiral  bevels 
only  when  Wq  (fifth  Item  on 
this  card)  Is  not  given. 

For  straight  bevels  only: 

<t„P  - 


2  cos  4 


where 

tops  outer  pinion  thickness 
A0  =  outer  cone  distance 
A  =  A0  -  0.  5  Fq 


toP  and  A0  are  given  on 
Gleason  straight  bevel  gear 
dimension  sheets.  Fq  is 
second  Item  on  this  card. 
Bmx  1*  eighth  Item  on  this 
card.  4  Is  fourth  item  on 
card  No.  1. 


I 


Point  width  of  spread  blade 
gear  finishing  cutter.  Use 
zero  for  straight  bevels. 


Card 

Letter 

FORTRAN 

No. 

Columns 

Symbol 

Symbol 

Description 

2 

51-60 

*TP 

REF(l) 

Pinion  cutter  tip  edge  radius. 

61-70 

rTG 

REF(2) 

Gear  cutter  tip  edge  radius. 

71-80 

Bmx 

BMAX 

Maximum  normal  backlash 
allowance,  . 

3 

1-10 

HK 

Outer  working  depth. 

11-20 

htp 

HT(1) 

Outer  pinion  whole  depth. 

21-30 

htG 

HT(2) 

Outer  gear  whole  depth. 

31-40 

BP 

ADD9(  1 ) 

Pinion  addendum  angle, 
decimal  degrees. 

41-50 

*G 

ADD9(2) 

Gear  addendum  angle, 
decimal  degrees. 

51-60 

*P 

DED9(1) 

Pinion  dedendum  angle, 
decimal  degrees, 

61-70 

aG 

DED9(2) 

Gear  dedendum  angle, 
decimal  degrees. 

71-80 

aoG 

ADO(2) 

Gear  outer  addendum. 

4 

1-10 

fRP 

FACR(l) 

Pinion  root  face  width; 
usually  equals  Fp.  This  is 
the  face  width  measured 
along  the  root  line. 

11-20 

rRG 

FACR(2) 

Gear  root  face  width; 
usually  equals  Fq.  This  is 
the  face  width  measured 

along  the  root  line. 
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Card 

No. 

Column* 

Letter 

SwwKftl 

FORTRAN 

A _ _ >  *  • 

4 

21.30 

Ko 

SKO 

Overload  factor  for  strength. 
Thia  factor  takes  care  of  un¬ 
known  dynamic  loads  result- 
ing  from  shock  overloads 
caused  by  the  driving  motor 
or  driven  machine.  Refer¬ 
ences  15  and  16  provide 
additional  Information. 

31.40 

td 

CTD 

Gear  torque,  in. -lb  (central 
tooth  bearing).  This  Is  the 
torque  for  which  the  gear  has 
been  designed.  Frequently, 
it  Is  the  maximum  torque. 

It  is  the  torque  that  produces 
a  tooth  bearing  centrally 
located  on  the  tooth  in  the 
lengthwise  direction. 

41-50 

Kv 

SKV 

Dynamic  factor  for  strength. 
This  factor  is  dependent  upon 
the  accuracy  of  the  gears  and 
the  operating  speed.  Refer¬ 
ences  15  and  16  provide 
additional  information. 

51.60 

To 

CTG 

Gear  torque.  In.  -lb  ,  for 
which  stress  data  are 
required. 

61-70 

*c 

RCN 

Mean  cutter  radius.  Enter 
999999999  for  straight  bevels. 

5 

1-10 

& 

AR(1) 

Offset  change  due  to  displace¬ 
ment  measured  at  torque 
level  (Tq).  If  unknown,  use 

zero. 


Card 

No, 

Column* 

Letter 

Symbol 

FORTRAN 

Symbol 

Description 

5 

11-20 

P 

AR(2) 

Pinion  axial  change  due  to 
displacement  measured  at 
torque  level  (Td).  If  unknown, 
use  aero. 

21-30 

a 

AR(3) 

Gear  axial  change  due  to  dls- 

•kl  mm  eewremt  tMS  ea  SH  ke  ae  A  tf "  li  *a  a 

•  - 

piiGVZuVDt  Rif  Alttr0<^§| 

level  If  unkaS4^  4f4‘ 

sero. 

31-40 

Of 

AR{4) 

Shaft  angle  change,  radians, 
due  to  displacement  measured 
at  torque  level  (Tq).  If  un¬ 
known,  use  sero. 

Note:  E,  P,  G,  and  «  will  be 
approximated  for  torque  level 
(Td)  in  the  program  when 
values  of  sero  are  used  as 
input. 

41-50 

•at 

SAT 

Allowable  stress  for  gear 
material,  psi 

For  carburised  air-melt 
steel,  use  B0,  000, 

For  carburised  vacuum-melt 
steel,  use  140,  000. 

51-60 

Kr 

SKR 

Factor  of  safety.  Use  1  unless 
extra  safety  is  required. 

61-70 

tf 

STF 

Operating  temperature, 
degrees  Fahrenheit.  If 
unknown,  assume  160*F. 

* 
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CARD 
NO.  0 


COLUMNS 

1  2  3.4  5  6  7  8  9  io| 

i-io 

R 

E 

|v| 

LJ 

LgJ 

E 

A 

R 

R 

H 

nn 

R 

n 

n 

BRF0M 

hrhsb 

r":  ■  - 

■ 

■ 

-  - 

■ 

■ 

■ 

■ 

■ 

(  71-80 

□ 

_ 

_ 

_ 

_ 

_ 

□ 

CARD 
NO.  1 


COLUMNS 

i 

■MM' 

2m 

3 

4 

5 

6 

7 

8 

9 

10 

1  -  10 

ZN(1) _ 

n 

■ram 

■TO51 

■ 

mmm 

PDIA 

1 

■ram 

PHA9 _ 

■ram 

DRIVE 

ROT _ 

'Bffil 

■Ulg. 


£ASEU1 


CARD 
NO.  2 


2  3  4  5  6  7  8 


10 


1 

TABLE ZZZI.  LIST  OF  SYMBOLS 

1 

FORTRAN 

SYMBOL 

LBTTIR 

IVUML 

DISCRIFTION 

1 

AS 

A* 

- 

1 

ADD £  (ft 

B(P,  O) 

Addendum  angle 

Sip 

ADM  (I) 

*<P.0> 

Mean  addendum 

ADOO) 

*0<P,  0) 

Outer  addendum 

ATQ 

af0 

Gear  axial  modified  adjustability  ooeffloient 

T 

ma 

.» -.tv';.’ 

Afj» . 

Pinion  axial  modified  adjustability  ooeffloient 

ppSfl 

AINCT 

w 

Angle  of  iaolination  of  line  of  oontaot  with  pitoh  line 

■PE* 

AM 

A 

Mean  cone  diatanoe 

W'  ' 

AO 

A, 

Outer  cone  diatanoe 

r 

AR(1) 

E 

Offset  diaplaoement  from  no-load  position  to  load  CTD  (T„) 

i  \ 

Bppg^ia 

AR(8) 

P 

Pinion  axial  displacement  from  no-load  position  to  load 

OTD(Td) 

Kf^S' 
Ppsfw--1-‘  ■  1 

AR(3) 

0 

Osar  axial  displacement  from  no-load  position  to  load  CTD  (T„) 

AB(4) 

a 

Shaft  angle  displacement  from  nodoad  position  to  load 

OTD(Td) 

jfW..'  " 

AR  1(1) 

■i 

Offset  displacement  from  position  corresponding  to  load  whioh 
produces  a  centrally  located  tooth  bearing 

n»  -■•■■  -  h 

i  £  i 

AR1(S) 

Pl 

Pinion  axial  diaplaoement  from  position  corresponding  to  load 
whioh  produces  a  centrally  looated  tooth  bearing 

r\r>*.'. 

AR1(8) 

dear  axial  displacement  from  position  corresponding  to  load 
whioh  produces  a  centrally  located  tooth  bearing 

r;  '  * 

AR1(4) 

Shaft  angle  displacement  from  position  corresponding  to  load 
whioh  produces  a  centrally  looated  tooth  bearing 

ARS(l) 

afb 

8ee  BPE 

ARC  (8) 

ArP 

See  APP 

ARB  (8) 

Aro 

See  APO 

« 

•  .  v.  r 

AR5(4) 

Ajp« 

See  BPALPH 

% 

ASX1 

- 

Absolute  value  of  SKI  (It,) 

» 

ASK  IP 

- 

Absolute  value  of  SKIP  (It,') 

B 

D 

Length  of  tooth  oontact  area  under  given  load 

j 

B1 

®l 

Length  of  tooth  oontaot  area  under  given  load  <1  DP) 

I 

BETA 

* 

_ 
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FORTRAN 

SYMBOL 

LITTER 

SYMBOL 

BFALPH 

A|,„ 

BPS 

Art 

BMAX 

OB 

c,  ; 

OR(!) 

Rt(P,0) 

CTD 

td 

CTO 

T0 

OTP 

Tp 

CX 

*<P.  0) 

DID  0(1) 

9(P.  0) 

DBDM(I) 

b(P,  Q) 

DC  DO  (I) 

bo(P.  0) 

DIAP(I) 

d.D 

DRIVE 

- 

DRN 

^NtP,  0) 

ETA 

BTAJ 

1j(P,  C) 

BTAJP 

^(P,  0) 

FI 

Fx 

FAOB  (I) 

F(P,  0) 

FAOR(I) 

*h(P,0) 

FB 

(P,  01 

FJ 

FK 

rK(P,0) 

FMN 

FR1 

fkup,o> 

FX1 

f 

‘  -  Continued 


DESCRIPTION 


Shaft  mgle  adjustability  oooffloient 
OffMt  adjustability  coefficient 
Manama  normal  baoklaah  allowaoou 
Factor  to  determine  lengthenlhgoftMt^a^ 

Pitch  radius  in  main  traotvarsa  Motion  (l  DP) 

Oaar  torque  for  oaotral  tooth  oootaot 
Qear  torque 
Pinion  torque 

Dodeodua  angle 
Moan  dodonduo 
Outer  dadandun 
Outer  pitch  diameter 
Driving  member 

Diatanoa  from  pitoh  olrole  to  point  of  load  application 
measured  along  tooth  oeoterllne 


Minimum  faoe  width  (1  DP) 

Pitch  line  fact  width 
Root  line  faoe  width 
Bffeotlvo  faoe  width 

Projected  length  of  the  line  of  oootaot  within  the  ellipse  of 
tooth  oontaot  a  the  lengthwise  dlreotlon  of  the  tooth 

Minimum  faoe  width 
Root  faoe  width  (1  DP) 

Lengthwise  shift  of  tooth  oootaot  from  center  under  given  load 


TABLE3XXE  -  Continued 


rwR  i  xAri 
SYMBOL 

.  1 

LCIItK 

SYMBOL 

DESCRIPTION 

QAM  9(1) 

y>  r 

Pitch  angle 

HAND 

- 

Hand  of  pinion  apiral 

HK 

hk 

Outer  working  depth 

HN 

hN  tP.G) 

Distance  along  tooth  centerline  from  the  weakest  seotion  to  the 
point  of  load  application 

HT(I) 

hKP.G) 

Outer  whole  depth 

HTM1 

htl{P.G) 

Outer  whole  depth  (1  DP) 

P2 

Pj 

- 

P3 

P3(P,  G) 

Distance  in  mean  normal  section  from  beginning  of  action  to 
point  of  load  application 

POIR 

P 

Outer  oircular  pitch 

PCN 

Pn 

Normal  base  pitch  (1  DP) 

PDIA 

Pd 

Transverse  diametral  pitch 

PHA9 

<t> 

Normal  pressure  angle 

PHA9I 

- 

Involute  function  of  PHAB  (inv  <b) 

PHIH 

*t<P.G) 

Pressure  angle  at  point  of  load  application 

PHIL 

^L(P.G) 

Angle  that  the  normal  force  makes  with  a  line  perpendicular  to 
the  tooth  centerline 

PM 

Pm 

Mean  transverse  diametral  pitch 

PN 

Pn 

Mean  normal  oircular  pitch 

P8IB 

Base  spiral  angle 

PSM9 

<l> 

Mean  spiral  angle 

P809 

* 0 

Outer  spiral  angle 

Q(I) 

®(P,C)  “ 

Strength  factor 

RBN1(I) 

RbWl(P,  G) 

Base  radius  in  mean  normal  seotion  (1  DP) 

RCN 

rc 

Mean  cutter  radius 

REF(I) 

rT(P,  G) 

Cutter  tip  edge  radius 

RF 

FI(P«  G) 

Fillet  radius  at  root  circle  (1  DP) 

RN(I) 

R1(P,0) 

Pitch  radius  in  mean  transverse  section  (1  DP) 

TABLE  IrfVi  -  Continued 


FORTRAN 

#UI  i  POM* 

dlMBVb 

LETTER 

SYMBOL 

t/Eawnir  nvn 

RN1(I) 

®N1(P,0) 

Pitch  radius  in  mean  normal  section  (1  DP) 

RON  1(1) 

RONl<P.G) 

Outside  radius  in  mean  normal  section  (1  DP) 

ROT 

- 

Direction  of  rotation  of  driving  member  aa  viewed  from  the  baok 

RT 

Rt(P,C) 

Mean  transverse  radius  to  point  of  load  application  (i  DP) 

RT1(I) 

rT  1  <P>  0) 

Cutter  tip  edge  radius  (1  DP) 

SA1(I) 

*1(P,  C) 

Mean  addendum  (1  DP) 

SAT 

B«t 

Allowable  stress  in  gear  material 

SAVE 

Savg(P,  C) 

Average  stress 

SB  1  (I) 

IP.  G) 

Mean  dedendum  (1  DP) 

SF1(I) 

^1  (P,  G) 

Pitch  face  width  (1  DP) 

3IG9 

s 

Shaft  angle 

SJ(I) 

^(P,  G) 

Geometry  faotor  for  strength 

SK 

k(P,  G) 

- 

SKI 

k. 

Coefficient  for  lengthwise  tooth  contact  shift 

SK2 

k2 

Coefficient  descriptive  of  lengthwise  crowning  of  the  teeth 

SK3 

k  3 

Coefficient  descriptive  of  relative  tooth  oontact  length  under 
load  and  no  load 

SK4 

k4 

Coefficient  descriptive  of  oenter  of  contact  pressure  under  load 

SKIP 

kl' 

Coefficient  for  lengthwise  tooth  contact  shift 

SKF 

KI(P,  G) 

Combined  stress  concentration  and  stress  correction  factor 

SKI 

Ki 

Inertia  factor 

SKM(I) 

Km(P,  G) 

Load  distribution  factor 

SKN 

kn 

Positive  integer 

SKO 

ko 

Overload  faotor 

SKP 

k' 

Load  position  correction  faotor 

SKR 

Kr 

Faotor  of  safety 

SKS 

Size  faotor 

SKT 

kt 

Temperature  factor 

SKV 

Kv 

Dynamio  faotor 

TABLE  kiCVI  -  Continued 


FORTRAN 

SYMBOL 

LITTER 

SYMBOL 

DESCRIPTION 

/«*  * 

OLj  A 

Length  or  tooth  oontactarea  at  no  load 

SMAX 

®m«x 

Maximum  stress 

SMN(I) 

Load  sharing  ratio 

88T(I) 

•l(P.O) 

Bending  stress  in  root  fillet 

W(D 

‘(P.G) 

Mean  normal  oircular  thickness 

trio) 

‘liP.G) 

Mean  normal  ciroular  thickness  (1  DP) 

. 8TF 

TF 

Operating  temperature  of  gears 

sw 

•w 

Working  stress 

8Z1 

®1(P,G) 

- 

SZB 

Z2(P,G) 

- 

THET 

^(P.G) 

- 

TMGP 

1 

*mG 

Gear  mean  ciroular  thickness  (output) 

TMP 

lmP 

Pinion  mean  oircular  thiokness  (input) 

TMPOP 

^mPo 

Pinion  mean  ciroular  thiokness  assuming  zero  backlash 

TMPP 

lmP 

Pinion  mean  ciroular  thiokness  (output) 

TN 

^(P.C) 

One*half  tooth  thiokness  at  weakest  section 

TO 

T0 

Peak  torque 

U1(I) 

U1(P,G) 

- 

U8(I) 

U2(P,G) 

- 

U8(I) 

U3(P,C) 

- 

UHF 

H( 

Stress  concentration  faotor  constant 

UJF 

Jf 

Stress  oonoentratlon  faotor  oonstant 

ULF 

Stress  concentration  factor  constant 

VI  (I) 

V1(P,G) 

- 

V2(I) 

v 

V2(P,  G) 

- 

V3(I) 

V 

v  3  ( P*  G ) 

- 

WFQ 

WG 

Point  width  of  spread  blade  gear  finishing  outter 

FORTRAN 

SYMBOL 

LETTER 

SYMBOL 

XI 

*1<P,C) 

X2 

*2  <P,G> 

XFR 

*FH<P,C) 

XMF 

mF 

XMNR 

“a 

XMO 

®o 

XMP 

XN 

XN  (P,  G) 

XNONP 

“c 

XPP 

x(p':C) 

XTHET 

xdtp,G) 

Y8 

y3(P,G) 

YK 

YK(P,G) 

Z1 

Z1 

ZETA 

^(P,  G) 

2N(I) 

n.N 

ZN1 

ZN  I 

ZP  (I) 

*.x 

DESCRIPTION 


Face  coa tact  ratio 

Normal  contact  ratio 

Modified  bbctact  ratio 

Tran  aver  ae  (profile)  contact  ratio 

Tooth  atrength  factor 

Qear  ratio 


Tooth  form  faotor 

Length  of  aotioo  in  mean  tranaverae  aeotion  (1  DP) 

Number  of  teeth 

Length  of  notion  in  mean  normal  aeotion  (1  DP) 

(approach) 

reoeaa  / 10  meaD  notmtl  Motion  (1  DP) 


bending  stress  calculations  for  bevel  gears 
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TABLE  XXXXI.  OUTPUT  SYMBOLS 


LKTTKR 

SYMBOL 

FORTRAN 

SYMBOL 

DESCRIPTION 

1 

lmp 

TMPP 

Pinion  mean  olroular  thickness 

®mo 

TMGP 

Oear  mean  oirolar  thiokneaa 

y 

OAM  9(1) 

Pinion  pitch  angle 

r 

OAM  9(8) 

Oew  pitch  angle 

■"p 

XMP 

Transverse  contact  ratio 

mF 

XMF 

Face  contact  ratio 

m0 

XMO 

Modified  contact  ratio 

A0 

AO 

Outer  cone  distanoe 

A 

AM 

Mean  cone  distance 

P 

PCIR 

i 

Circular  pitoh 

mNP 

SMN(l) 

Pinion  load  sharing  ratio 

mN  C 

SMN(2) 

Oear  load  sharing  ratio 

K| 

SKI 

Inertia  factor 

h 

SJ(1) 

Pinion  geometry  factor  for  strength 

Jg 

SJ(2) 

Oear  geometry  factor  for  strength 

QP 

Q(i) 

Pinion  strength  factor 

«G 

0(2) 

Oear  strength  factor 

B,p 

SST(l) 

Bending  str  ess  on  concave  side  of  pinion  tooth 

8.C 

SST(2) 

Bending  stress  on  convex  side  of  gear  tooth 

f 

FX  1 

Lengthwise  shift  of  tooth  bearing  from  center 

»w 

SW 

Working  stress 
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NUMBER  OF  TEETH  IN  PINION  ZNC1)  17.00000 
NUMBER  OF  TEETH  IN  GEAR  ZN(2)  51.000CO 
DIAMETRAL  PITCH  PD1A  4.08CC0 
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OFFSET  CHANGE  DUE  TO  DISPLACEMENT  ARI1J  -.01350 
PINION  AXIAL  CHANGE  DUE  TO  DISPLACEMENT  A R(Z»  *00750 
GEAR  AXIAL  CHANGE  DUE  TO  DISPLACEMENT  AR(3I  .00060 


SHAFT  ANGLE  CHANGE  DUE  TO  DISPLACEMENT  ARI41  -.00055 
ALLOWABLE  STRESS  SAT  140000 
FACTOR  OF  SAFETY  SlCR  1.00000 


APPENDIX  VII 


COMPARISON  OF  AGMA  AND  GERMAN  METHODS  OF 
STRENGTH  DETERMINATION  FOR  BEVEL  GEARS 


SUBJECT 

Comparison  of  bending  stress  calculations  for  bevel  gears  by  American 
Gear  Manufacturers  Standards  AGMA  222.  02  and  223.  01  and  German 
Standard  DIN  3990. 

PURPOSE 

The  purpose  of  this  appendix  is  to  point  out  the  differences  between  the 
American  (AGMA)  and  German  (DIN)  methods  for  calculating  bevel 
gear  stresses  and  to  show  which  method  will  produce  the  most  reliable 
results. 

CONCLUSION 

The  following  information  was  obtained  from  a  careful  study  of  the  above 
two  methods: 

1.  The  American  (AGMA)  Method: 

a.  Has  been  engineered  to  give  simple  design  formulas 
that  ytelJ.  correct  values  for  actual  bending  stresses 
and  that  permit  design  to  maximum  capacity  of  the 
materials, 

b.  Can  balance  the  strength  of  gear  and  mating  pinion 
to  give  optimum  life, 

c.  Can  be  used  to  accurately  compare  two  different 

gear  designs. 

d.  Is  backed  by  extensive  testing  in  the  laboratory  and 
in  the  field, 

e.  Is  widely  used  throughout  the  world. 


2.  The  German  (DIN)  Method: 

a.  Result*  in  stresses  which  are  generally  too  low  when 
compared  with  an  allowable  stress,  thus  resulting  in 
gears  which  are  too  weak. 

b.  Indicates  that  straight  bevel  gears  are  much  stronger 
than  the  corresponding  spiral  bevel  gears,  a  con- 

elusion  that  Is  contrary  to  established  fact.  ' 

e.  Ii  not  designed  to  balance  the  strength  of  gear  and 

mating  pinion.  * 

d.  Cannot  be  used  to  accurately  compare  two  different 
gear  designs. 

DISCUSSION 

Meaning  of  Calculated  Stresses  Versus  True  Stresses 

The  ideal  method  for  stress  calculation  would  result  in  the  calculation 
of  the  actual  stresses  existing  in  a  machine  structure.  However, 
current  design  formulas  are  based  on  approximations  in  order  to 
simplify  the  formulas  sufficiently  for  everyday  use.  In  some  methods 
more  attention  is  given  to  establishing  a  correlation  between  the  calcu¬ 
lated  stresses  and  the  observed  measured  stresses. 

In  order  to  insure  a  safe  working  formula  for  the  strength  of  gear  teeth, 

It  is  customary  to  make  a  chart  showing  the  relationship  between  the 
calculated  bending  stress  and  the  life  in  stress  cycles  to  failure  by 
fatigue.  With  sufficient  test  data  it  is  possible  to  determine  statistically 
the  reliability  of  a  given  gear  pair  under  any  given  load  conditions.  It 
should  be  borne  in  mind  that  these  calculated  bending  stresses  are  not 
necessarily  true  stresses,  and  therefore  they  cannot  be  used  as  a  ( 

measure  of  safety  when  compared  with  the  usually  specified  allowable 
stresses  resulting  from  tensile  tests  on  the  standard  test  specimens. 

In  the  AGMA  method,  for  example,  a  size  factor  has  been  included  in  7 

the  formula  for  calculated  stress.  This  size  factor  is  intended  to 
reflect  the  effects  of  specimen  size  on  the  allowable  working  stress. 

Since  the  size  factor  is  a  function  of  gear  geometry,  it  has  been  applied 
to  the  calculated  stress  rather  than  to  the  allowable  working  stress  as 
a  matter  of  convenience.  Because  this  factor  has  the  effect  of  reducing 
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the  calculated  stress  at  the  specimen  size  is  reduced,  it  is  necessary 
to  r»H»ce  the  values  of  allowable  working  stress.  This  has  been  done 
in  the  AGMA  publications. 

Because  the  German  standard  does  not  make  the  distinction  between  cal¬ 
culated  bending  stresses  and  the  method  for  arriving  at  allowable  band¬ 
ing  stresses,  there  is  danger  that  the  gear  designer  will  be  misguided 
by  the  German  formula. 

^  Comparison  of  Specific  Results 

Tables  XXVIII,  XXIX,  and  XXX  show  comparative  results  of  bending 
*  stress  calculations  by  both  the  AGMA  method  and  the  German  method. 

Tables  XXVIII  and  XXIX  show  a  comparison  of  selected  gear  ratios  from 
the  AGMA  straight  bevel  gear  system  and  the  AGMA  spiral  bevel  gear 
system.  In  these  two  tables  th-  'ace  width  was  assumed  to  be  equal  to 
three-tenths  of  the  outer  cone  di>.  .ance,  and  the  tangential  load  was 
given  by  the  following  formula: 

w  _  9,000  F 
4  "  pd 

where  Wt  =  large  end  of  tangential  load,  pounds 
F  =  face  width,  inches 

Pd  =  large  end  of  transverse  diametral  pitch 

Comparative  Stresses  Between  AGMA  and  German  Methods 

It  will  be  noted  in  the  tabulation  for  straight  bevel  gears  (Table  XXVIII) 
that  for  2,  5-DP  gears  the  German  calculated  pinion  stresses  average 
40  percent  less  than  the  AGMA  calculated  pinion  stresses,  whereas 
j  for  20-DP  gears  the  German  values  average  only  2  percent  less  than 

the  AGMA  values.  This  difference  between  the  coarse-pitch  and  fine- 
pitch  gears  is  the  result  of  the  size  factor  Included  in  the  AGMA  method. 

A  similar  comparison  is  shown  for  spiral  bevel  gears  in  Table  XXIX. 
For  2.  5-DP  gears  the  German  calculated  pinion  stresses  average 
10  percent  less  than  the  AGMA  calculated  pinion  stresses,  whereas 
for  20-DP  gears  the  German  values  average  30  percent  more  than 
the  AGMA  values. 
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TABLE  XXVIII.  STRAIGHT  BEVEL  GEARS 

WITH  20 •  PRESSURE  ANGLE 


AGMA  Method 

German  Method 

Gear  Com¬ 
bination 

BP 

Pinion 

Street 

(P»i> 

Gear 

Streaa 

(p»i) 

Pinion 

Street 

(p»U 

Gear 

Streae 

(P«i) 

17/17 

2.5 

39,000 

39,000 

22,400 

22,400 

35/35 

2.5 

29, 700 

29, 700 

17,800 

17, 800 

14/28 

2.  5 

33, 700 

41, 400 

20,900 

21,000 

22/44 

2.  5 

29,400 

34, 500 

18,200 

18,200 

13/39 

2.  5 

32, 700 

42,200 

20,200 

a 

18/54 

2.5 

30,400 

36,700 

18,800 

* 

13/52 

2.5 

32,300 

42, 100 

19,800 

• 

17/17 

20 

24,600 

24,600 

22,400 

22,400 

35/35 

20 

18,700 

18, 700 

17,  800 

17, 800 

14/28 

20 

21, 100 

26,000 

20,900 

21,000 

22/44 

20 

18,400 

21, 600 

18,  200 

18,200 

13,39 

20 

20, 500 

26,500 

20,200 

a 

18/54 

20 

19,000 

23,000 

18,800 

a 

'■  i  n  vni 

a 

•♦Street  Ratio 


Pinion  Gear 


.  57 

0.  57 

.  60 

0.60 

.  62 

0.  51 

.62 

0.  53 

.62 

- 

.62 

- 

.61 

- 

.91 

0.91 

.95 

0.95 

.99 

0.81 

.99 

0.84 

.99 

- 

.99 

- 

_ z-1 

♦Value  ■  are  not  available  for  qj*  on  the  graph  with  the  German  etandard. 
A  tooth  layout  would  be  required. 

_ German  atraae 


••Street  Ratio  = 


AGMA  etreee 
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TABLE  XXIX.  SPIRAL  BEVEL  GEARS  WITH 
20*  PRESSURE  ANGLE  AND 
35*  SPIRAL  ANGLE 


Gear  Com¬ 
bination 

DP 

AGMA  Method 

German  Method 

Pinion 

Streaa 

(P»i) 

Gear 

Streaa 

<P»i> 

Pinion 

Streaa 

(P»i) 

Gear 

Streaa 

17/17 

2.5 

43, 800 

43, 800 

29, 500 

29,500 

35/35 

2.5 

26,400 

26,400 

25, 600 

25,600 

14/28 

2.  5 

36,  500 

36, 500 

29, 700 

29,800 

22/44 

2.  5 

27,000 

27,  000 

26, 500 

* 

13/39 

2.5 

32,000 

32,  000 

28,400 

* 

18/54 

2.  5 

25, 100 

25, 100 

27,000 

* 

13/52 

2.  5 

27,000 

27,000 

28,400 

* 

17/17 

20 

27,500 

27,  500 

29,  500 

29,500 

35/35 

20 

16,600 

16,600 

25,600 

25,600 

14/28 

20 

23,000 

23,000 

29,  700 

29,800 

22/44 

20 

17,000 

17,000 

26,  500 

* 

13/39 

20 

20,000 

20,000 

28,400 

* 

18/54 

20 

15, 700 

15, 700 

27,000 

* 

13/52 

20 

16.900 

16, 900 

28,400 

* 

#Valuea  are  not  available  for  qk  on  the  graph  with  the  German  standard. 
A  tooth  layout  would  be  required. 

^Stress  Ratio  =  German  afreet 
AGMA  streaa 
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Table  XXX  lists  three  automotive  ratios  which  were  compared  by  the 
two  methods.  The  biggest  difference  shows  up  on  the  6/41  combination. 
Table  XXXT  life  data  for  the**  three  automotive  ratios  which  were 

obtained  from  laboratory  tests  under  controlled  conditions.  Figures  91 
and  92  show  the  results  of  plotting  these  data.  The  broken  lines  in 
Figure  91  indicate  the  width  of  the  scatter  band  in  the  standard  AOMA 
method.  It  will  be  seen  that  these  points  all  lie  within  the  scatter  band. 
Figure  92  is  for  the  German  method.  There  are  insufficient  data  to  show 
the  width  of  the  scatter  band,  and  this  graph  does  not  show  as  consistent 
correlation  as  that  shown  by  Figure  91. 

Relative  Strength  of  Straight  Teeth  Versus  Spiral  Teeth 

A  further  comparison  of  straight  bevel  gears  and  spiral  bevel  gears  In 
Tables  XXVIII  and  XXIX  shows  that  the  German  standard  rates  the 
straight  bevel  pinions  41  percent  stronger  than  spiral  bevel  pinions, 
whereas  the  AGMA  method  ratos  the  spiral  bevel  pinions  7  percent 
stronger  than  the  straight  bevel  pinions  (based  on  the  average  of  the 
tabulated  automotive  ratios).  These  results  by  the  German  method 
do  not  appear  to  be  reasonable. 

Allowable  Stresses  and  Strength  Balance 

The  AGMA  method  tabulates  the  allowable  stresses  for  most  commonly 
used  gear  materials.  Also  included  is  an  S-N  diagram  to  show  the 
relationship  between  calculated  stress  and  gear  life  for  stress  levels 
above  the  endurance  limit.  With  the  aid  of  the  diagram  one  can  determine 
the  required  stress  levels  for  gear  and  mating  pinion  that  will  result  in 
equal  gear  life. 

Determination  of  Gear  Size 


The  AGMA  method  is  supplied  with  allowable  stress  values  and  an  S-N 
diagram  relating  the  stress  to  the  gear  life,  which  provides  the  designer 
with  the  necessary  information  to  determine  the  gear  siee  that  will  be 
required  to  carry  a  sustained  load  for  a  given  duration  of  time. 

Comparison  of  Factors  Considered  in  the  AGMA  and  German  Methods 

Table  XXXII  gives  a  list  of  16  factors  affecting  gear  tooth  strength'. 

This  table  shows  how  these  factors  #re  treated  in  each  of  the  above 
■'methods. 


Figure 


0  6/41 
A  8/33 


Figure  92.  S-N  Diagram  Based  cm  German  (DIN)  Method. 


Advantages  of  the  AGMA  Method 

The  AGMA  method  has  been  specifically  engineered  to  give  reliable 
design  formulas  for  bevel  gear  teeth.  It  is  backed  by  Lhe  results  of 
extensive  laboratory  and  field  testing  of  gears  in  their  mountings  and 
shows  remarkably  consistent  results. 

It  has  been  shown  to  give  excellent  results  in  balancing  the  thicknesses 
of  pinion  and  gear  teeth  to  give  optimum  life.  Various  designs  may  be 
easily  and  reliably  compared.  » 

This  method  is  widely  used  throughout  the  world  and  is  used  as  the 
industry  standard  in  the  U,  S.  A.  For  this  reason  it  has  been  used  as  a 

the  starting  point  for  further  study  in  the  present  program. 


TABLE  XXXI 

.  LIFE  DATA  FOR  RATIOS 

IN  TABLE 

Pinion  Failures 

Gear  Failures 

Combination 

Life  in 
Cycles 

Number  of 
Failures 

Life  in 
Cycles 

Number  of 
Failures 

11/52 

147,  COO- 
253,  000 

4 

- 

None 

8/33 

27,  400- 
224, 000 

20 

- 

None 

6/41 

1 

o  o 
o  o 
o  o 

CM  O' 

CM 

8 

17, 000- 
29,300 

3 

TABLE  XXXII.  FACTORS  AFFECTING  GEAR  TOOTH  STRENGTH 


TABLE  XXXII  -  Continued 


TABLE  XXXn  - 


BENDING  STRESS  FORMULAS  ACCORDING  TO  THE  GERMAN 
STANDARD  DIN  3990 _ 


The  formula  for  the  bending  stress  is  given  as  follows: 


where  st 
Wt 
K0 
Kv 


.  =  Mo  .  £d  .  qk 

*  Kv  F  mpcos  * 

■  calculated  tensile  stress  in  psi 

=  transmitted  tangential  load  in  pounds 

=  overload  factor 

=  dynamic  factor 


=  diametral  pitch  at  large  end  of  tooth 
F  =  face  width  in  inches 
qfc  =  strength  factor  (see  below) 
mp  =  transverse  (profile)  contact  ratio 
f  =  mean  spiral  angle 
A0  =  outer  cone  distance  in  inches 
A  =  mean  cone  distance  in  inches 


(48) 


In  order  to  determine  the  value  for  the  strength  factor,  qfc,  either  a 
tooth  layout  is  required,  Figure  93,  or  the  attached  graph,  Figure  94, 
may  be  used,  provided  the  normal  pressure  angle  is  20*  and  the  tooth 
working  depth  is  2.  0  cos  t  /P&.  *  To  use  the  graph,  the  folic  wing 
values  must  be  calculated: 


♦Graph  based  on  symmetrical  rack  thickness  proportions 


Mil  MmrfDMMIMlt 


94.  Graph  Showing  Strength  Factor,  qk,  in  Terms  of  Tooth  Number,  Zv,  and 
Addendum  Factor,  x,  for  Gears  With  20"  Pressure  Angle  (From  DIN  3990). 


Z vp  =  n  sec  y  8ecJ  <!> 
ZyQ  =  N  sec  r  sec^  ^ 


equivalent  number  of  teeth  In  pinion 
equivalent  number  of  teeth  in  gear 


x—  s  0.  460  (1  -  —  .*■»)  pinion  addendum  factor  (AGMA  system) 
^  mQz 


xG»  -Xp 


N 

mG  n 


gear  addendum  factor 
gear  ratio 
n  a  number  of  pinion  teeth 
N  =  number  of  gear  teeth 
y  s  pinion  pitch  angle 
r  =  gear  pitch  angle 


When  a  layout  is  made  in  the  mean  normal  section  to  a  scale  of  1  OP 
(usual  AGMA  procedure),  load  is  assumed  to  be  applied  at  the  tip  of 
the  tooth.  The  weakest  section  is  determined  by  inscribing  an  equi¬ 
lateral  triangle  within  the  tooth  outline  such  that  the  two  sides  are 
tangent  to  the  fillet  portion  of  the  tooth  at  the  base  of  the  triangle. 
Then, 

6h  cos  if1  cos  , 

qk  =  ^rr  ( 

where  q^  =  strength  factor 

h  =  load  height  (radial  distance  from  point  where  load  line 
intersects  tooth  centerline  to  base  of  Inscribed  triangle) 
in  inches 


t  =  length  of  side  of  inscribed  equilateral  triangle  in  inches 

=  pressure  angle  at  point  of  load  application  (angle  between 
load  line  and  a  line  perpendicular  to  tooth  centerline  at 
point  where  load  line  intersects  tooth  centerline) 


$  =  normal  pressure  angle 


mmw:**' 
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The  need  for  increased  load  capacity  of  bavel  gears  In  aircraft  applications 
haa  lad  to  a  review  of  axlatlng  methods  for  determining  bavel  gear  tooth 
strength.  Several  methods  ware  reviewed,  but  it  was  found  that  the  existing 
AGMA  method  waa  basically  the  moat  sound.  Fatigue  tasting  of  spiral  bevel 
geara  shoved  that  vacuum-melt  steal  would  permit  higher  atreaaea  than  those 
allowed  by  tha  praaant  rating  practices.  A  study  of  lengthwise  tooth  curvature 
(cutter  diameter)  ahowad  that  this  factor  haa  a  significant  affect  on  gear 
tooth  strength.  Tha  use  of  small  cuttar  diameters  is  shown  to  improve  gear 
tooth  strength  by  as  much  as  AO  percent  under  the  most  favorable  conditions. 

New  formulas  for  affective  face  width  and  sisa  factor  were  developed,  which 
result  in  stress  values  more  nearly  equal  to  tha  true  stresaes  in  gear  teeth. 

A  change  in  the  method  for  locating  the  most  critical  point  of  loading  has 
resulted  in  an  improved  strength  balance  between  tha  pinion  and  mating  gear.  * 
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